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ABSTRACT
Worldwide energy demand is growing rapidly, and there is great interest in reducing the
current reliance on fossil fuels for uses such as power generation, transportation, and
manufacturing. Renewable energy sources, such as solar and wind, are abundant but
have very low power densities.
The US is in the process of approving its first offshore wind farm, located in Nantucket
Sound. Geotechnical factors will play a large role in the development of offshore wind
projects due to the high cost contribution from foundations, and the high loads
associated with storm conditions.
Offshore wind turbine foundations provide unique design challenges. First, various
foundation alternatives exist, so it is important that an appropriate cost-effective
foundation type be selected. Second, the loads and soil conditions will vary for each
location. Therefore, it is important to ensure the foundation can adequately support
vertical and horizontal loads. Finally, each turbine manufacturer has unique deflection
and rotation criteria. Therefore, the foundation should perform within those tolerances,
even under worst-case loading.
This thesis considers the performance of a monopile foundation under typical vertical
and horizontal storm loading conditions. Capacity, deflection, and rotation of a proposed
monopile foundation are calculated by various methods to simulate the design
procedure. The results show that very stiff foundations are required to keep pile head
movements within design tolerances.
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1. INTRODUCTION
1.1 ENERGY DEMAND
Worldwide energy demand is rapidly increasing. Western countries such as the United
States, Canada, and the United Kingdom, consume the largest amount of energy,
mostly from fossil fuel sources. However, developing countries such as China and India
are consuming an increasing amount of energy. As their demand increases, competition
for fossil fuels will increase, leading to higher energy prices. Global energy consumption
statistics, as determined by the US Department of Energy can be seen below in Figure
1-1.
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Figure 1-1 Worldwide Energy Consumption'
[U.S. Energy Information Administration, 2009, www.eia.doe.gov/iea]
Governments, utility companies, and individuals have begun to look to renewable
energy sources to supplant the heavy reliance on fossil fuels. Renewable sources
include, but are not limited to: wind, solar, geothermal, hydroelectric, wave, tidal, and
biomass. In addition to being unlimited in supply, many of these energy sources
1 1 Quadrillion Btu is equivalent to 293,000 Gigawatts
.... . ...........  .......... .
produce little or no greenhouse gas and are therefore considered more environmentally
sustainable.
1.2 WIND ENERGY
Wind energy has the highest growth rate among renewable energy sources in the
United States today. "In 2007, new wind power represented 35% of US capacity growth"
[US Offshore Wind Collaborative, 2009]. By 2020, the US Department of Energy
estimates that up to 20% of the total US energy consumption could be supplied by wind
sources [U.S. Energy Information Administration, 2009]. In order to reach this level, an
additional 300,000 MW of wind energy would have to be produced annually. This
additional capacity would require 15 million acres, which is not available on land [US
Department of Energy, 2008]. The reason for this large required area is due to wind's
low power density- approximately 2 watts per square meter on land, and 3 watts per
square meter offshore [MacKay, 2009]. Therefore, a large number of turbines and
required and the spacing between them is large. Currently, the turbines being
developed have a maximum capacity of 7.5 MW [Malhotra, 2009].
Onshore wind farms have been developed in mid-western states, where the terrain is
relatively flat, and large amounts of land is available at low prices. However, the
country's largest cities are on the coasts, away from these wind farms. Transmission of
energy over large distances is cost prohibitive, so energy produced by onshore wind
farms is used locally. Land in and around large US cities is expensive and there are few
opportunities to install wind farms. The offshore environment offers a much better
opportunity, with more favorable wind conditions. Wind speeds are not only stronger
than on land, but they are also more consistent, such that there is less wear on the
turbine components and more electricity generated per turbine [Musial and Butterfield,
2006]. According to the National Renewable Energy Laboratory, potential exists to
harness over 1000GW of energy from offshore winds in the United States" [Musial and
Butterfield, 2006]. The US Department of Energy predicts that 50 GW of offshore wind
energy will be installed in the US in the next 20 years, at a total cost of over $100 billion,
half of which is expected to go to design and construction [Malhotra, 2009].
Despite the advantages, offshore wind farms are more costly than onshore wind farms.
Wind speeds increase with distance from the shore. These produce higher loads on the
turbines, requiring more robust structural design and higher transmission costs. In order
to make offshore wind farms cost-effective, the turbines must be large and located in
deep waters. These requirements increase the cost of the foundation structures, which
can be a significant percentage of the total cost. Figure 1-2 below details a typical cost
breakdown for offshore wind farms.
Support Structure
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Figure 1-2 Typical Costs for an Offshore Wind Turbine in Shallow Water
[Musial and Butterfield, 2006]
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1.3 OFFSHORE WIND ENERGY IN EUROPE
The first offshore wind turbine in the world was a 300 kW turbine built in 1990 in the
shallow, nearshore waters of the North Sea [Musial and Butterfield, 2006]. To date,
European countries have installed over 1470 MW of wind energy capacity [US Offshore
Wind Collaborative, 2009], making Europe the leader in offshore wind energy today.
The North and Baltic Seas are close to Europe and have consistently strong winds.
Therefore, they have become popular locations for offshore wind farms. Almost all of
the European wind farms are in shallow water (depths less than 30m), with the majority
in water depths less than 12m [Musial and Butterfield, 2004].
European countries continue to develop more electricity from wind sources.
Governments are beginning to set mandates on using renewable energy, and wind is
the most developed so far. For example, the United Kingdom has required that by 2010,
10% of the nation's electricity be from renewable sources, which would require 12,000
MW of wind capacity. By 2020, they aspire to have 20% of their energy from renewable
sources [Byrne and Houlsby, 2003].
To achieve these quantities of wind energy, developers are looking to deeper water
wind farms. Several European countries are modifying technology from offshore oil
exploration for offshore wind farms, and as the technology becomes cost effective,
offshore wind farms will be built in deep water.
1.4 OFFSHORE WIND ENERGY IN THE UNITED STATES
Despite wind energy's popularity in Europe, there are no offshore wind farms in the
United States. As of 2009, approximately 30 offshore wind farms have been proposed,
but none have been built. To date, these proposed wind farms have failed to receive
governmental approval and permits. While the United States does not have any
offshore wind farms, it has been able to learn from its European counterparts. Many of
the recently proposed wind farms are in deep water and far offshore- up to 19 miles
offshore, and in water depths up to 164 feet (50 meters) [Malhotra, 2009].
On April, 28, United States Secretary of the Interior, Ken Salazar, approved Cape Wind
to be the nation's first offshore wind farm. The Cape Wind project will comprise 130
turbines spaced one-third to one-half a mile apart in Nantucket Sound, Massachusetts.
Each turbine will have a capacity of 3.6 MW, will be over 250 feet (76 meters) tall, and
will be in water depths of up to 50 feet (15 meters). The turbines will be supported by
large diameter monopiles. Cape Wind's developer hopes to have it operational by 2012,
producing up to 420 MW of electricity, or over 75% of the electricity needed for Cape
Cod, Nantucket, and Martha's Vineyard. The approval of Cape Wind represents an
important step in the advancement of offshore wind energy, and Cape Wind is likely the
first of many offshore wind farms to be built in the United States.
1.5 OFFSHORE WIND ENERGY TRENDS
As technology develops, and the demand for wind energy grows, wind turbine size and
their distance from shore increase. Onshore turbines are currently being built that are
5MW [US Offshore Wind Collaborative, 2009]. The European Union has supported
developing turbines up to 20MW [Growth of Wind Turbine Size]. The larger the capacity,
the farther from shore these wind farms must be in order to capture high wind speeds.
Wind farms are now being proposed in the "Transitional Water" depths, from 30 to 60
meters, as can be seen in Figure 1-3. Water depth is a critical component to turbine
design, as it can have major cost implications. While technology exists to develop "Deep
Water" wind farms, they are not yet economically feasible.
Figure 1-3 Technology Progression for Offshore Wind Turbines
[Musial and Butterfield, 2006]
1.6 LOCATING OFFSHORE WIND FARMS
The most critical component in wind farm location is the velocity and consistency of the
wind. Figure 1-4 shows the National Renewable Energy Laboratory (NREL) map of US
wind resource potential. This highlights the excellent potential of sites on both the East
and West coasts. Another critical component in offshore wind farm planning is water
depth. Shallow water depths currently yield a more cost-efficient project than deep
... .... ......... .
water depths because the deep water technology is only beginning to transition from the
oil and gas industry to the designs of offshore wind farms.
The majority of all proposed offshore wind farms in the United States are on the East
Coast. Projects have been proposed in Maine, Massachusetts, Rhode Island, New
York, New Jersey, Delaware, Virginia, Georgia, and South Carolina. The combination of
shallow water depths and high wind speed make these states ideal candidates for
offshore wind farms. Wind farms have also been proposed in the Gulf of Mexico,
offshore Texas, and in the Great Lakes, off of New York, Ohio, Wisconsin, and Michigan
[US Offshore Wind Collaborative, 2009].
Northern California shows the greatest potential for offshore wind farms, and energy
costs on the West Coast are high, making the West Coast an attractive location for
offshore wind farms. However, projects off of the West Coast are not yet viable due to
deep water depths. The sea bed elevation drops significantly near shore. As technology
develops, and deep water wind farms become commercially and economically feasible,
the West Coast will become a prime location for offshore wind farms [US Offshore Wind
Collaborative, 2009].
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Figure 1-4 Wind Resource Potential the United States
[Thresher et al, 2008]
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2. TURBINE FOUNDATIONS
2.1 WIND FARM COMPONENTS
Offshore wind farms are comprised of several wind turbines, connected to a transformer
via electric cables, as seen in Figure 2-1. Turbines are staggered, and spaced at
distances up to 8 times the rotor diameter, which can be over 400 feet [Malhotra, 2009;
Thresher et al, 2008]. This minimizes wind disturbance, and ensures that each turbine is
subjected to the maximum wind velocity possible. Figure 2-2 shows that each wind
turbine consists of a foundation, a support structure, a transition piece, a tower, rotors,
and a nacelle. The rotors and nacelle produce the electricity, while the other parts act as
a support structure. Without an adequately designed support structure, the system will
not function as intended. Therefore, it is crucial that the foundation is properly designed.
Offshore Wind Turbines
Internal Cables
Transforner System Transformer
Station ioun Lary VStation
External Transmission Land Cable
Sea Cable Station
Figure 2-1 Wind Farm Schematic Layout
[Malhotra, 2009]
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[Malhotra, 2009]
2.2 FOUNDATION DESIGN CRITERIA
It is common for offshore wind farm foundations to be designed to performance-based
criteria. Rotor and nacelle manufacturers typically have deflection tolerances for their
equipment. The tower and foundation structures can be designed based on the
deflection criteria, which typically include "maximum allowable rotation at pile head after
installation, and maximum accumulated permanent rotation resulting from cyclic loading
.. .... ........ - - - ------ ............  ....  .  
over the turbine's design life" [Malhotra, 2009]. For offshore wind turbines, the allowable
pile head deflection is on the order of 0.5 degrees, while the construction tolerances can
range from 0.2 to 0.25 degrees [Malhotra, 2009].
2.3 FOUNDATION ALTERNATIVES
With the design criteria determined, engineers can begin to design the foundation.
Water depth, soil conditions, and applied loads are the important factors in foundation
design. Many different foundation types are available for wind turbines, as illustrated in
Figure 2-3.
Figure 2-3 Foundation Support Structures and their Applicable Water Depths
[Malhotra, 2009]
.............. .....
2.3.1 Gravity Structures
Gravity structures have a single, large concrete or ballast filled shell resting directly on
the sea bed. The tower structure connects to the large mass. Gravity structures resist
overturning loads with their own gravity, and therefore, there are no tensile forces
between the structure and the soil.
They are suitable for locations with homogeneous soil conditions, and they can be used
in a variety of conditions as long as water depths are less than 25 meters.
Environmental loads must be small in order to use gravity structures. Settlement and
bearing capacity are important design criteria, as gravity structures have a wide base.
Because of this large, flat base, gravity structures require adequate site preparation and
scour protection.
The large size of gravity structures can lead to a high cost of materials. Installation
costs, however, can be lower than other foundation types, as much of the gravity
foundations can be prefabricated on land. Prefabricated sections can be brought on
barge to the site, and lowered into position (or infilled with ballast at the site). Gravity
structures are visible above the sea bed, and therefore can be inspected routinely.
Finally, gravity foundation structures can be removed or replaced easily.
2.3.2 Pile Foundations
Pile foundation systems can consist of one or more piles. In a pile foundation, horizontal
and vertical loads are transferred from the turbine tower to the soil via a pile embedded
in the ground. Pile quantity, size, type, and embedment depend on the loads, the soil
type, and the location.
Monopiles, the most common foundation type for offshore wind farms today, are a
foundation in which a single large diameter, hollow steel cylindrical pipe is driven or
drilled into the seabed. They can be used in water depths up to approximately 30
meters; however the cost increases with water depth. The critical design constraints for
monopiles are deflection and rotation limits at the rotors. Monopiles have a smaller
footprint than other foundation types, and therefore their sea bed disturbance and
impact on the local environment is smaller.
In situations where monopiles are too flexible, support cables or a pre-fabricated steel
tripod can be attached to the base. These supports help prevent excessive deflection. If
cables or a tripod are used, the supports can be anchored with driven or drilled piles, or
drilled shafts. Supported monopiles can be used in water depths up to 40 meters.
Alternatively, a foundation could consist of several piles, connected at the top. The piles
can be vertical, battered, or a combination of both. The turbine tower rests on a platform
that connects the piles. This arrangement is used when soil or loading conditions
require additional vertical or lateral capacity.
Piled foundations have advantages and disadvantages in terms of constructability. Piles
can be floated out to the project site and placed into position with a barge-crane. Piles
provide flexibility for varying soil conditions, as they can be easily fabricated on land,
and can be driven to various depths, allowing for variation among individual wind
turbines within a single wind farm as dictated by soil conditions. Steel plies can be cut or
welded on site to change length, as site conditions require. A combination of vibratory
and impact hammers can used to install piles. Minimal sea bed preparation and scour
protection are required compared to other foundation types. However, installation can
be time consuming and costly depending on the embedment depth. Battered piles are
challenging and costly to install. Piles are difficult to recover upon the end of turbine's
lift, and repairs to piles can be expensive
2.3.3 Braced Frames
In water depths of 40 meters to 50 meters, or when piled foundations deflect
excessively, a braced frame structure can be used as a foundation. This is a truss-type
structure made of a steel frame that is founded on multiple piles. Braced frame
structures are more expensive than pile foundations because a larger quantity of
materials is used, and the installation period is longer. These foundations are very stiff,
which makes them ideal for locations with large environmental loads. They have a
larger profile than piled foundations and gravity structures, making them more
vulnerable to ice or vessel collisions.
Braced frames can be fully fabricated on land and brought out to site via barge.
However, the piles on which the braced frame rests, need to be installed on site, making
the construction duration lengthy. Braced frame structures have less environmental
disturbance than gravity structures, but more than monopile foundations
2.3.4 Suction Caissons
Suction caisson foundations can be used as an alternative to pile foundations for either
fixed tower structures or floating superstructures (tensile anchorages). These systems
resist overturning moments with a large mass at the bottom, by relying on the self
weight of the soil plug inside the caisson as added weight (i.e., the soil plug must
displace with the caisson during loading). In shallow waters, a single large caisson can
be used, while in deeper waters, a combination of smaller caissons can be used. The
turbine tower rests directly on the caisson the structure connecting the caissons. The
major design components include settlement and bearing capacity.
Suction caissons are large-diameter steel pipes that have a relatively short penetration
length compared to driven piles. They are installed in two steps. First, the caisson is
open at the top and allowed to penetrate as much of the soil as possible under its self-
weight. In the second step, the top of the pile is sealed and water is pumped out of the
pile. The pumping creates a lower pressure inside the pile than outside in the
surrounding water. This pressure differential induces further penetration of the pile into
the soil, and brings the caisson to the required depth.
Suction caissons can be expensive and time consuming to install. The caissons are
floated or barged out to the project site, and are lowered into place with a crane or other
equipment. Submersible pumps are required to create the suction inside the caisson.
Remotely operated vehicles may be required for installation and inspection in deep
water depths. Upon the decommissioning of the wind farm, suction anchors can be
easily removed and either reused or recycled.
2.3.5 Tension Leg
A tension leg turbine floats on the water surface. It is anchored to piles or suction
caissons embedded in the sea floor by a series of steel tendons or cables ('tension
legs'). The floating turbine is positively buoyant so that it pulls up on the tension legs.
The high tensile forces in the legs result in an increased stiffness for total structure.
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Therefore, the entire floating turbine is more stable. Additionally, the long length of the
cables produces a large period for the entire structure, which is beneficial for dynamic
loads.
Tension leg anchored turbines are suitable for water depths of 50 meters or more. The
floating turbine structure can be fabricated on land and floated to the site. Also, it can be
easily removed for repairs, replacement, or turbine upgrades. Major drawbacks of
tension leg platforms include: anchorages and tendons must withstand high tensile
forces, and installation and proof testing of anchors is costly and lengthy in deep water.
2.3.6 Ballast Stabilized Buoy
A ballast stabilized buoy (also called a SPAR system), is similar to tension leg platforms
in that they have slight positive buoyancy and are anchored via tension legs to a
foundation. However, while a tension leg platform obtains its rotational and horizontal
stability by having high positive buoyancy, a ballast stabilized buoy uses a submerged
weight to lower its center of gravity, increase its stability, and prevent rotation. The
positive buoyancy is used to prevent horizontal movement. The large weight below the
waterline resists overturning moment with gravity.
As with tension leg turbines, the ballast stabilized buoys can accommodate water
depths of more than 50 meters. The floating turbine can be removed from its anchorage
for repair, removal, or replacement. While the floating structure can be fabricated on
land and floated to site, costs are greater than other foundation types. Installing the
suction anchors or piles in deep water is a costly, lengthy process, and requires the use
of remotely operated vehicles. The large counter weight is also costly to fabricate, as it
requires large quantities of steel.
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3. SUBSURFACE INVESTIGATIONS AND CONSIDERATIONS
3.1 OFFSHORE SUBSURFACE INVESTIGATIONS
One of the most important factors in foundation design is subsurface conditions. The
soil type and properties will influence the structure's location and the foundation type,
size, and installation. Subsurface investigations are performed to determine the type,
depth and location of soil or rock; the physical, mechanical, and engineering properties
of the material; and potential geohazards at the site. Offshore wind farms "are
construction projects involving a high level of geotechnical difficulty. Apart from
constructional aspects and loads, the foundation soil conditions play an essential role"
[BSH, 2008]. Geotechnical investigations are of particular importance because
foundation construction costs can grow rapidly when unexpected soil conditions are
encountered. To mitigate this risk, proper care, attention, and funds should be allocated
to the subsurface investigation.
Geotechnical investigations are comprised of several parts, and may take considerable
time to perform. The first step consists of a literature review and desk study. This
includes reviewing geologic and topographical maps, aerial photographs, previous
bathymetric surveys and site specific investigations, geological history, regional
seismicity, existing activity in the area, and any other relevant literature. These
documents will help with finding a suitable location for the wind farm, developing an
initial design and cost estimate, and determining the next round of the subsurface
investigation.
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Once the wind farm has been preliminarily laid out, a meteorological monitoring tower
(Met Tower) is installed in the area of the proposed wind farm. This tower monitors
environmental conditions, such as wind speed, to determine the site's potential for
creating electricity. When designing a Met tower, a location-specific geotechnical
investigation should be performed. This includes geophysical surveys (bathymetric and
seafloor mapping), seismic profiling, and a geotechnical exploration consisting of Cone
Penetration Tests (CPT's), Piezo-Cone Penetrometer Tests (PCPT's), and borings.
If the Met Tower produces data favorable to constructing a wind farm, an initial soil
investigation should be completed. This could be completed with the Met Tower
investigation, or separately. Since wind farms are constructed over large areas, the soil
conditions will vary from turbine to turbine. The variation can be large, depending on the
site. Therefore, it is critical that the investigation cover the entire area. Currently, in the
United States, no standards exist for offshore wind farm site investigations. However,
the German Federal Maritime and Hydrographic Agency (BSH) has developed a code
for offshore wind farm site investigations. They require that the initial investigation
consist of one boring and one CPT at each corner of and at the center of the wind farm.
Additionally, it requires that one boring and one CPT be completed at a minimum of
10% of the turbine sites, "unless different points appear more suitable for testing on the
basis of the results of geophysical reconnaissance or in the view of the special
geometry of the wind farm area" [BSH, 2008]. These borings and CPT's should extend
at least to "the depth and areal extent of soils that will affect or will be affected by the
installation of the planned structure and foundation" [Malhotra, 2009].
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The results of the initial investigation can be used to further develop and optimize the
wind farm design and layout. However, as the soil conditions can vary greatly between
boring locations, a more detailed investigation should be carried out before completing
detailed design. The BSH requires that this "main investigation" consist of at least one
investigation (boring or CPT) at each turbine site. When using monopiles, one
investigation is typically sufficient at each turbine. However, when using a foundation
with more than one ground penetration, such as a tripod or braced frame, when the
foundation covers a large area, such as a gravity or suction foundation, or when the soil
conditions are inhomogeneous, "a larger number of ground explorations is normally
required" [BSH, 2008].
With borings, Standard Penetration Tests, undisturbed sampling, and in-situ testing
(vane shear or permeability tests, for example), can be performed. In non-cohesive soil
(sands), undisturbed sampling is not necessary. Obtained samples should be sent to a
laboratory for testing. The BSH has provided two tables detailing recommended
laboratory testing: Table 3-1 and Table 3-2 (they are German standards, but have
corresponding ASTM tests). According to the BSH, specific tests are not required, and
"the responsible geotechnical engineer shall decide on tests to be carried out in the
individual case" [BSH, 2008]. While borings provide relevant data for land-based
projects, they are not always suitable for offshore projects. The oil and gas industry
uses CPT's and PCPT's for offshore geotechnical investigations, which are easier and
quicker to perform offshore than borings. Additionally, CPT's and PCPT's provide
continuous profiles, rather than information at intervals, which is the case with standard
SPT's and sampling.
Several types of vessels may be used to perform an offshore subsurface investigation.
Variables such as sea conditions, investigation type, location, and equipment availability
will dictate the type of equipment used. Low draft barges are the least expensive
platform for offshore investigations, and are suitable for near-shore conditions where the
sea state is relatively calm. They support land-based geotechnical exploration
equipment (drilling, CPT's, etc.). Jack-up rigs are more expensive, can be used in a
variety of sea states, and also support typical land-based exploration equipment. It can
be time consuming to move Jack-up rigs form one boring site to the next. For deeper
water and more complicated explorations, specialty offshore investigation equipment
can be used. Boats equipped with large cranes, dynamic positioning systems, specialty
drilling equipment are well suited for offshore investigations. These vessels typically
have crew accommodations on board, but have high daily costs. As of 2002, less than
10 such vessels exist worldwide [Westgate and DeJong, 2005]. Finally, semi-
submersible drill rigs are capable of performing investigations. They are large buoyant
platforms that partially submerge to gain stability, and are anchored with long lines.
Semi-submersible rigs have high daily costs, but can achieve good production rates.
Classification and status description
Grain sie Degree of nonuniformity,GrAn DIN 18123 Minimum GK 4 coefficient of gradation
(DIN 18196, 1988)
Compactness DIN 18128 Minimum GK 2 Loosest and densest state
Minimum GK 4,
Density DIN 18125-1 for the determination of Density, buoyant density
porosity minimum GK2
Calcium content DIN 18129 Minimum OK 4,(5) Calcium content
Deformation behaviour
Stiffness modulus, coefficient
Copression test DINGK 4, but mounted sample Of osolidation, coefficient
(Cdomieter test) with initial in-situ density of secondary compression,derived: coefficient of water
permeability
Drained and Shear stress-strain curves,
undrained triaxiel DIN 18137-2 GK1, but also treated samples volume change and axial
tests deformation
Shear strength
Direct shear test DIN 18137-3 GK 1, but also treated samples Fct =0)
Drained and Friction angle
undrained triaxial DIN 18137-2 0K 1, but also treated (c'= 0)
tets
Table 3-1 Laboratory Testing for the Evaluation
[BSH, 2008]
of Cohesionless Soils
.............................. .. .  .. . ...........  ............. - - - - -- 
- - - 4-- - - - , -- - I
Classification and status description
Grain size DIN 18123 Minimur GK 4 Degree of nonuniformity,
distribution coefficient of gradation
Water content DIN 18121-1 Minimum GK 3 Water content of soil
DIN 18121-2
Water DIN 18130-1 Minimum GK 2, GK 4, Coefficient of permeability
permeability I sample has been adjusted
to the required density using
Proctor compacting equipment
Density DIN 18125-1 Minimum GK 4, Density, buoyant density
for the determination of
porosity minimum GK 2
Consistency DIN 18122-1 Minimum GK 4 Liquid limit, plastic limit,
limits DIN 18122-22 shrinkage limit, plasticity
index, consistency index
Deformation behaviour
Compression test DIN 18135 GK 1 Stiffness modulus, prostress-
(oedometer test) (dreat sander: Ing of soll, coefficients of
consolidation, secondary
compression, water perme-
ability
Undrained triaxial DIN 18137-2 GK 1, Shear stress-strain curves,
tests but also treated samples volume change and axial
delormation
Shear strength
Laboratory Laboratory GK 1 If possible, but also Undrained shear strength c.
vane test tests not disturbed samples are suitable
standardised
Direct shear test DIN 18137-3 GK 1, Effective friction angle Ap%
but also treated samples effective cohesion c'
Undrained triaxial DIN 18137-2 GK 1, Shear parameters depending
tests but also treated samples on type of test:
UU test: c,. ,
CU test c', e'
OCV test: c, V'
Table 3-2 Laboratory Testing for the Evaluation of Cohesive Soils
[BSH, 2008]
Once laboratory testing is complete, the results of all investigations and testing can be
compiled into a geotechnical report. Information in the report can be used to perform
final design of the foundations.
3.2 OFFSHORE GEOTECHNICAL CONSIDERATIONS
Soil conditions are different at every site. Cohesive and/ or cohesionless soils may be
encountered. Performing site-specific investigations is the only way to determine the
subsurface conditions. In addition to soil conditions, there are other subsurface
conditions that may affect foundation design and performance [Malhotra, 2009].
3.2.1 Seafloor Mudslides
Any slope in the seafloor is susceptible to local or general mudslides. Mudslides can be
induced by waves or earthquakes, and adversely affect foundations. Flowing soil can
impact turbine foundations, causing excessive loads. Also, if the soil around the
foundation moves, a loss of capacity can occur, and the foundation can even be
undermined. Finally, submarine mudslides can damage seafloor cables. While it is hard
to design for these loads, efforts should be taken to account for additional loads and
diminished capacities when designing wind turbine foundations.
3.2.2 Scour
Waves and currents routinely move soil underwater, in a process called "scour". Scour
is of particular concern when designing offshore wind turbines, as any soil moved away
from the foundation will result in diminished capacity. The three most common types of
scour include local scour, which occurs around the foundation; global scour, which
occurs in the overall wind farm area and is due to the effects of multiple foundations;
33
and finally overall seafloor movements, which include sand waves, ridges, and shoals.
Scour has two important consequences. First, scour can lead to reduced lateral and
vertical capacity. Second, scour can lead to additional imposed forces, which can lead
to settlement or overstressing of the foundations [Malhotra, 2009].
Pile
Sco r hole
Flow
Figure 3-1 Scour Around a Vertical Pile
[DNV-OS-J101, 2004]
When designing foundations, it is important to take into account possible scour affects,
and also to try to minimize scour. Foundations can be designed for scour by discounting
the upper soil material, which is susceptible to scour, in any capacity calculations.
Equally important is designing scour prevention systems. Scour can be minimized with
scour mats or site improvements. Scour mats are concrete or crushed rock masses
placed around the base of the foundation. They work by preventing the current from
moving the soil. Alternatively, the soil around the foundation could be improved and
strengthened so that it is not susceptible to scour.
3.2.3 Seismic
When performing desktop studies and site investigations, the level of seismicity should
be determined. If the level of seismicity is found to be high, and the wind turbines will be
affected, "then site-specific response spectra and design criteria should be developed"
[Malhotra, 2009]. Seismic implications come from liquefaction of the soil, seismically-
induced settlement, horizontal earthquake loads, and horizontal tsunami loads.
Liquefaction causes significant reduction in the strength and stiffness of soil, and may
cause bearing failure, settlement localized differential movements, and ground loss or
subsidence. For liquefaction to occur, the soil must be loose, sandy or silty, and of low
plasticity, and there must be a quick load applied, such as an earthquake [Malhotra,
2009]. Various parts of the United States are more susceptible to seismic events than
others, but regardless of where the wind farm is proposed, engineers should determine
the level of seismicity.
4. LOADS ON OFFSHORE WIND TURBINES
Offshore wind turbines are subjected to a variety of loads. The loads typically can be
divided into three categories- permanent, variable, and environmental loads. The
majority of the loads on the turbines are horizontal; a relatively small percentage is
vertical. This means that for monopile foundations, the critical design is lateral deflection
and rotation.
There is no design code yet in the United States for offshore wind turbines. However,
the Det Norske Veritas (DNV) in Norway has developed a design code for offshore wind
turbine structures, DNV-OS-J101. Many European countries use this code, and several
of the proposed wind farms in the US are designed, in part, with this code. The
American Petroleum Institute (API) has developed guidelines for fixed offshore
platforms, but differences exist between platforms and turbines, so designers should
exercise caution when using API guidelines for wind turbines.
4.1 PERMANENT LOADS
Permanent loads are those that are constant throughout the design life of the turbine
structure. Examples of permanent loads include: the mass of the structure, the mass of
permanent ballast and equipment (including attachments such as platforms or ladders),
internal and external hydrostatic forces, and the structure's reaction to the
aforementioned forces [DNV-OS-J101, 2004]. As the majority of permanent loads are
gravity induced, this category is the source of the majority of vertical loads applied to the
turbine structures.
4.2 VARIABLE LOADS
Variable loads are those which can vary in location, magnitude, direction, and duration,
and are related to construction, operations, and normal use. Some sources of variable
loads include: personnel, crane, ship impact, vessel fendering, installation operations,
ballast, equipment, stored materials, and lifeboats. Since variable loads can contribute
to fatigue, it is critical that the design involve a comparison of design life versus
predicted fatigue life.
The DNV-OS-J101 provides guidance on how to design for various variable loads. For
example, it states that "for the design against ship impact in the ultimate limit state
(ULS), the load shall be taken as the largest unintended impact load in the normal
service conditions. It is a requirement that the support structure and the foundation do
not suffer from damage" [DNV-OS-J101, 2004]. While this requirement is strict, it
ensures that the turbine structure will remain operational and minimizes future repair
costs.
4.3 ENVIRONMENTAL LOADS
Environmental loads also vary in magnitude, direction, location, and duration, and
should be considered for the turbine's normal operational period. This category of
loading is induced by the site's climate. Examples of environmental loads include: wind
loads, hydrodynamic loads from waves and currents (including drag and inertial forces),
earthquake loads, current-induced loads, storm surges, tidal effects, marine growth,
snow loads, and ice loads [DNV-OS-J101, 2004]. The magnitude, location, and direction
of these loads should be determined by statistical analysis, based on "specified
probabilities of exceedance." In addition, environmental loads "shall be based on the
longest possible time period for the relevant area" [DNV-OS-J101, 2004]. A diagram of
some environmental loads and their location is shown below in Figure 4-1.
Wind
Waves
Moving Sand Dunes
Figure 4-1 Examples of Environmental Loads
[Malhotra, 2009]
The wind load on the turbine can be broken into two components. As with ordinary
building design, wind pressure acts on the entire height of the structure, and increases
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with height. Since the turbine tower is relatively narrow, the wind load will not be as
large as a building. However, wind forces acting on the rotors will create a significant
load. A large thrust force will develop at the top of the turbine from the rotor. This is
dependant on the wind speed, the height of the rotor, and specific manufacturer's data.
Additionally, when designing for wind loads, shadows, vortex shedding, and wake
effects should be considered. A sample force-versus-wind-speed curve for a rotor can
be seen below in Figure 4-2. When choosing a thrust design load, the maximum value
from the curve should be multiplied by two factors. The first is 1.5 to account for gusts.
In very high wind speeds, rotors will shut down. However, there is a delay from when
the shut-down wind speed occurs to when the rotor shuts down. The second is a safety
factor for environmental conditions. Site and environmental data are based on statistical
analyses, and therefore, the maximum predicted wind speed can be exceeded. It is
common to use an additional factor of safety on the rotor thrust of 1.35. In Figure 4-2
below, the maximum thrust of 700kN multiplied by both safety factors (1.5 and 1.35)
yields a design thrust force of 1418kN.
800-i-
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Hub Wind speed [nms]
Figure 4-2 Thrust Force on Turbine Shaft as a Function of wind Speed
[de Vries and van der Tempel, 2007]
4.4 OTHER DESIGN CONSIDERATIONS
Many of the variable and environmental loads are cyclic. Cyclic loads can cause fatigue,
especially in monopile structures. Areas of the structure prone to fatigue (where high
local stress reversals occur) should be reinforced accordingly.
Since offshore wind farms are generally located in salt water, corrosion potential can be
problematic. Waves and tidal movements create a splash zone, (an area of the
structure that is under water under certain conditions, and above water in others), where
corrosion is most critical. Corrosion can be prevented by coating the steel and/ or
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placing sacrificial anodes on the structure. Even with corrosion protection measures,
steel monopiles can lose thickness, thus reducing their strength and stiffness.
As mentioned in Section 3.2.2 scour can occur at the turbine foundations. Foundations
subject to scour will be subject to higher loads, since more of the structure is exposed to
currents and other load types. In addition to decreasing the embedment, scour
increases the monopile's unsupported length.
4.5 TYPICAL LOAD MAGNITUDES
The loading conditions will vary with location, even within an individual wind farm. In
Quick Monopile Design (2007), de Vries and van der Tempel outline the design of a 5
MW monopile turbine for NREL in the Dutch part of the North Sea (at approximately
53039'N, 3057'E). The water depth is 115 feet (35 meters); the tidal range is 5.25 feet
(1.6 meters); the storm surge is 6.6 feet (2.0 meters); and scour is not considered, (it is
assumed that scour mats will be installed). The turbine specifications have been
converted to English units and are outlined below in Table 4-1.
Power Rating 5.0 MW
Turbine Mass 780 kip
Rotor Diameter 413.4 ft
Nominal Rotor Speed 12.1 rpm
Rotational Interval 4.6-12.1 rpm
Cut-in Wind Speed 8.95 mph
Nominal Wind Speed 24.61 mph
Cut-out Wind Speed 55.92 mph
Table 4-1 Key Parameters for NREL Turbine
[de Vries and van der Tempel, 2007]
The paper has used the load combinations for environmental loads recommended by
DNV-OS-J101 in Section 4.F501. The load cases can be found below in Table 4-2.
ComLbnation Wind Waves Current Ice Lae
1 50 years 5 years 5 years 50 years
2 5 years 50 years 5 years 50 years
3 5 years 5 years 50 years 50 years
4 5 years 5 years 50 years MWL
5 50 years 5 years 50 years MWL
Table 4-2 Environmental Load Combinations
[DNV-OS-J101, 2004]
The Quick Monopile Design paper also provides site-specific environmental data, which
is summarized below in Table 4-3.
Return Significant Maximum Current Wind
Period, Treturn Wave Height, Wave Height, Speed, Uc Speed, V.
(yr) Hs (ft) Hmax (ft) (mph) (mph)
5 29.63 55.12 1.79 85.00
50 35.79 66.57 2.10 92.25
Table 4-3 Example Environmental Data
[de Vries and van der Tempel, 2007]
In addition to the environmental load cases and data, Quick Monopile Design also
provides a force-versus-wind-speed curve for the specific turbine to be used in the
design. The combination of all the aforementioned factors yields various loads on the
structure. Load combination 5 is not used in this scenario, since it is the critical ice load
case, and the proposed wind farm will not be subject to ice loading. The loads at
seabed provided in Quick Monopile Design are summarized in Table 4-4, and can be
taken as typical loads for offshore wind turbines. Load combination 2 is the critical case.
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Waves and Wind Total
Load Current
Combination F M F M F M
(kip) (kip-ft) (kip) (kip-ft) (kip) (kip-ft)
1 1,793 180,709 319 94,150 2,112 274,859
2 2,086 220,151 319 94,150 2,405 314,302
3 1,824 184,319 319 94,150 2,143 278,470
4 285 27,874 319 94,150 604 122,025
Table 4-4 Horizontal Loads at Sea Bed for 5 MW Wind Turbine
[de Vries and van der Tempel, 2007]
The above loads are used in Section 5. to consider foundation performance of a
monopile in Nantucket Sound. Quick Monopile Design provides the turbine's vertical
load only; it does not provide a tower structure load. A comparison of vertical loads for
various size turbines, as well as for various turbine components, is provided below in
Table 4-5.
Wind Turbine Turbine Size
Component 3 MW 3.6 MW 5 MW 7.5 MW
Tower (kips) 344 392 766 1212
Nacelle (kips) 150 154 530 662
Rotor (kips) 88 88 242 396
Total (kips) 582 634 1538 2270
Note: Assumes all turbines have a hub height of 263 feet
Table 4-5 Vertical Loads from Rotor
[Malhotra, 2009]
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5. CHECK OF A TYPICAL MONOPILE FOUNDATION
5.1 INTRODUCTION
Several offshore wind farms have been proposed in New England, and the first recently
received governmental approval. In order to provide a better understanding of the
design process for a monopile foundation, the basic design procedure is outlined below.
Specific pile and site parameters, loads, and design criteria are provided in the following
sections.
5.2 DESIGN PARAMETERS
5.2.1 Subsurface Conditions
The geology of Offshore New England, specifically Cape Cod, Nantucket, Nantucket
Sound, and Martha's Vineyard, is the result of pre-glacial fluvial erosion during the
Pliocene and glacial processes of the Wisconsin glaciation. The area was formed
approximately 20,000 to 21,000 years ago when the Laurentide ice sheet reached its
maximum southerly extension at Nantucket and Martha's Vineyard islands.
Approximately 17,000 years ago, the ice sheet had retreated to the Upper Cape Cod
region. The resulting landscape was later changed by Holocene marine and Aeolian
processes, leading to the today's geologic landscape of beach systems, salt marshes,
and the "Provincetown Hook" (a series of concentric spits capped by dune fields at the
northern tip) [Uchupi and Mulligan, 2006].
The water in Nantucket Sound is shallow, and the soil is mostly sand. Further offshore
New England, in deep water depths, the soil is characterized as clay. Due to the glacial
deposits, the depth to bedrock varies, and boulders are common [Rogers et al. 2002].
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Figure 5-1 includes maps of Nantucket Sound and Cape Cod showing the presence of
paleo-valleys, which are filled with layered sediments of lacustrine origin that rest on
basement rock. The deposited sediment is typically sand, which is underlain by silt,
clayey silt, and silty clay. At some nearshore locations, the paleo-valleys are deformed
due to the intrusion of mud diapers [Uchupi and Mulligan, 2006].
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(a) Glacial Map of Nantucket Sound
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(b) Glacial map of Cape Cod
Figure 5-1 Glacial Maps of Cape Cod and Nantucket Sound
[Uchupi and Mulligan, 2006]
Based on soil explorations offshore New England, the following three soil profiles have
been created. The three profiles are representative of weak, moderate, and competent
conditions. Figure 5-2 below illustrates the subsurface conditions for each of the three
locations. Additional plots and tables used to create Figure 5-2 can be found in
Appendix A
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Figure 5-2 Three Soil Profiles in Nantucket Sound
The relative densities and friction angles are based on "N" values and "(N1)60" values
and correlations to fine sand as determined by Skempton and Ladd (Skempton, 1986;
Ladd, 2009). Elastic moduli values were determined using empirical recommendations
proposed by Von Soos (2002):
Eoed = E(-/pa)'" (5.1)
In equation 5.1, Pa is the atmospheric pressure and o is effective stress. The
parameters Er and m were reported empirically as shown in Table 5-1.
15000
..... .. ........ .
Primary Loading of Normally Ysat En Oked at
Consolidated Soils (kN/m 3) (%) (MPa)
Very Dense quartz sand 21 35 50 0.6Very Loose quartz sand 18 50 20 0
Slit with LL =0.2 19 45 5 0.75
Clay with LL =0.6 16 65 1 1.0
Table 5-1 Primary Loading of NC Soils
[Von Soos, 2002]
5.2.2 Loads
Loads on a typical wind turbine are presented in Section 5. and summarized below in
Table 5-2 Horizontal forces and moments are given at sea bed, which is the top of the
monopile foundation. The pile checked in this section is subjected to critical loading
corresponding to Load Case 2, which is a lateral load, H = 2405 kips and a moment, M
= 314,302 kip-feet. The vertical load applied is taken as, V = 1538 kips (for a 5 MW
turbine, Table 4-5).
Vertical load on foundation 1538 kips
Horizontal load at mudline 2405 kips
Moment at mudline 314,302 kip-feet
Table 5-2 Load Summary
5.2.3 Pile Properties
The turbines in the Cape Wind project would rest on monopile foundations. Dimensions
of typical monopiles vary, depending on the water depth and loads. Typical monopiles
have outer diameters in the order of 16.0 to 18.0 feet, and for Cape Wind, the estimated
embedment depth is approximately 85 feet [US Department of the Interior- Minerals
Management Service, 2008]. For sample calculations in this thesis, the pile properties
are listed below in Table 5-3.
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Diameter 18.0 feet
Wall Thickness 2 inches
Embedment 85 feet
Table 5-3 Design Pile Properties
5.3 DESIGN CONSIDERATIONS
In a typical foundation design process, the loads and subsurface conditions are known.
Pile size and embedment can be changed until the optimal foundation is designed.
When optimizing the foundation, cost and serviceability are the driving factors.
Serviceability includes pile deflections and rotations. Typical horizontal displacement
limits are approximately 5 inches at mudline, and 1 inch at the pile toe [de Vries and van
der Tempel, 2007]. As mentioned in Section 2.2 the allowable pile head rotation is
typically 0.5 degrees [Malhotra, 2009]. Various pile embedment lengths and wall
thicknesses can that satisfy the deflection and rotation criteria can then be compared on
a cost basis. Costs include material and fabrication costs, installation costs, lifetime
maintenance costs, and eventual removal costs
While it is typical for the designer to be able to change the pile size in order to meet
deflection and rotation limits, the following calculations use the predetermined pile
properties in Table 5-3. The response of the pile (capacity, deflection, and rotation) is
checked using several methods. All calculations are based on the typical offshore New
England soil profiles in Figure 5-2.
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5.4 LATERAL CAPACITY CALCULATIONS
Calculation of the lateral capacity can is based on limit equilibrium models, assuming a
given failure mode. Piles can fail in a variety of ways, as illustrated below in Figure 5-3.
The soil resistance is a function of depth and soil type, while the load is known.
However, it is difficult to estimate the soil resistance, as there are no exact solutions.
Broms developed a simplified solution in 1965 to determine the lateral capacity of piles
(Broms, 1965), and Fleming modified the approach slightly in 1985. The following is
based on Fleming's modified approach (Fleming et al., 1985).
A B C D E
P p P P P
0 Hinges Intermediate Short
Long Long 1 Hinge 0 Hinges
One-Hinge 2 Hinges
FAILURE MODES FOR FREE- FAILURtE MODLS FOR1 ItFIRAINED PI'.ES
HEADED PILES
FAILURE MODES OF FREE AND FIXED HEAD PILES UNDER LATERAL LOADING (after Broms, 1964)
Figure 5-3 Failure Modes for Free and Free Head Piles
[Whittle, 2009]
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Figure 5-4 Laterally Loaded Pile in Equilibrium
[Whittle, 2009]
For free head piles, failure occurs either by rotation of the pile as a rigid body (mode B
in Figure 5-3), or by the formation of a plastic hinge in the pile, which caused pile failure
(mode A). The latter happens when the moment is greater than the yield capacity of the
pile. Embedment length, applied moment, yield moment, soil conditions, and the
location of the load all influence the failure type.
For fixed head piles, failure can involve one of three mechanisms. As can be seen in
mode C in Figure 5-3, failure of long piles can occur due to the formation of two plastic
hinges. Mode D shows a failure mechanism where the pile is likely to yield at the top
due to the formation of a single plastic hinge. Finally, fixed head piles can fail in
translation (mode E).
Detailed lateral capacity calculations can be found in Appendix B. For the proposed
wind turbine, the monopile is a short, free head pile (mode A). It is considered free
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because there is no lateral support provided at seabed, and it is allowed to rotate at the
pile head. The monopile foundation is considered short because its embedment depth is
small in relation to the pile diameter. Also, as can be seen in the following sections, the
active or critical length is greater than the embedment depth.
While detailed calculations of ultimate lateral capacity for the proposed monopile
foundation calculated with Fleming's method found in Appendix B, the results are
summarized below in Table 5-4. For Load Case 2, the horizontal applied load, H = 2405
kips. Hence, it can be seen that for all soil profiles, the proposed pile has adequate
lateral capacity.
Soil Profile Ultimate Lateral Capacity
1 18,121 kips
2 23,683 kips
3 33,246 kips
Table 5-4 Ultimate Lateral Pile Capacity
5.5 VERTICAL CAPACITY CALCULATIONS
For offshore wind turbines, the foundation design is typically controlled by lateral loads,
as opposed to vertical loads. This is true because of the high magnitude of the
horizontal load relative to the vertical load. Pile size and embedment required to satisfy
lateral load requirements are often greater than the requirements to satisfy vertical
loading cases. However, vertical load capacity should be checked against the dead load
of the structure and turbine, using an adequate safety factor.
Detailed calculations of vertical pile capacity of the proposed monopile foundation can
be found in Appendix B. The vertical capacity calculations use Meyerhof's method for tip
resistance (Meyerhof, 1976) and Vesic's method for side friction (Vesic, 1977).
Meyerhofs method used empirically derived factors, and assumes that there is a
limiting ultimate tip resistance. Vesic's method is based on correlations from pile load
tests to relative densities. Since each soil layer of the design profiles has a known
relative density that was correlated from SPT's using Skempton and Ladd's correlations,
Vesic's method is the most applicable. The ultimate tip resistance and side friction are
added together for the ultimate vertical capacity. A summary of ultimate vertical pile
capacities can be found below in Table 5-5. The applied vertical load, V = 1,538 kips
(Table 4-5). It can be seen that for all soil profiles, the vertical capacity of the proposed
monopile is adequate.
Soil Profile Ultimate Vertical Capacity
1 7,484 kips
2 15,892 kips
3 22,590 kips
Table 5-5 Ultimate Vertical Pile Capacity
5.6 DEFLECTION AND ROTATION CALCULATIONS
The controlling design criteria for offshore wind turbines are deflection and rotation at
the pile head. Three methods have been used to calculate both the deflection and
rotation of the proposed monopile foundation.
5.6.1 The Randolph Method
The Randolph method (Randolph, 1981) is an elastic continuum approach that is based
on 3-D finite element solutions. It is a more refined modification of Poulos and Davis's 2-
D boundary element method of elastic continuum (Poulos and Davis, 1980). Randolph's
method assumes that the soil is linearly elastic and that there is full contact between the
soil and the pile (hence the elastic continuum). While the solutions are analytically
complete and more accurate than the 2-D method, they are realistic only for small soil
strains. The calculation is based on the soil's shear modulus and the pile's properties. A
summary of the method can be seen below in Figure 5-5.
Applied Moment, M
Length, Lc
- Equivalent circular section:
A
B -i Y mf
y a
r-BA <2ro o
*Effective Young's modulus of pile: EP
G* = G(1 + 0.75v)
H Equivalent Shear Modulus, G*
j~ -~ 9c5No.514 G*v .. __0.25
G - *0.5
* Modulus Profile Parameter:
Gc=C*o0.25
GJ* 0.5
- Active Pile Length, Lc:
L= 2ro )Ep 2 n
Ge
(EI)p
(r4/4)
Figure 5-5 Summary of Randolph's Method
[Whittle, 2009]
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The pile's active length (Lc) is dependent on the soil's shear modulus, and vice versa,
so an iterative process must be used to determine both values. The shear modulus
profile versus depth must be known.
Once the active length and shear modulus have been calculated, closed form equations
can be used to solve for the deflection and rotation at the pile head. Both fixed and free
head piles can be analyzed, as can be seen below.
Free Head:
Fixed Head:
j (Ep Ge 0.27 H LG-) + 0.30 M(
Rc Ge 2
(Ep Ge l0.30 H + 0.80 M
Re- GeR1-(~p/j1-1.7-G.1K 12HIL
Rc Gc
LC -
2
1/2 LC -3
- ,2
The above equations provide closed form solutions for the pile head. Design charts can
be used to determine the deflected pile shape and the moment distribution in the pile.
The solutions in the design chart are elastic and can therefore be superimposed. The
design charts can be found in Figure 5-6.
(5.2)
(5.3)
(5.4)
1.0 ,0.75 .0.5 R
0.2
0.0 0.1 0.2 0.3 0.4 0.5
u ro Ge (E1E,7
H \el
Bending Moment, M/(HL)
0.1 0.2 0.3 0.4 0.5
u r Gc
M \G C
Fixed Head: H Only
Deflected Pile Shap
0.1 0.2 0.3
u roGe EP1/7
H \Gl
0.0 0.2 0.4 0.6 0.8 1.0
Bending Moment, M/Msurface
Figure 5-6 Design Charts for Randolph's Method
[Whittle, 2009]
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For homogeneous soil where Re = 1, the maximum bending moment in the pile occurs
at a depth of approximately Lc / 4. For soil with non-homogeneous stiffness, (Re < 1) the
bending moment increases significantly and the maximum occurs at a depth of
approximately Lc / 3.
When the active length is greater than the actual pile length (when the pile is considered
short), the deflection must be modified because the pile translates as well as bends.
The following equation can be used for short pile, where uoO is the deflection obtained
from the design charts or equations.
u = 0.8u j (5.5)
(L
Since the Randolph method is based on elastic theory, no failure of the soil occurs. This
means that the deformations and rotations may be underestimated at the pile head if
the behavior is in the plastic range. Detailed calculations for the proposed monopile
foundation, based on the Randolph method and using the average properties for each
layer (since the Randolph method is for a single layer), can be found in Appendix C.
Soil Profile Displacement at Pile Head Rotation at Pile Head
(in) (0)
1 5.72 0.716
2 5.25 0.694
3 4.92 0.678
Table 5-6 Summary of Deflections by Randolph's Method
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The results of the Randolph method indicate that the pile embedment is less than the
critical length. The displacement at the pile head ranges from 5 to 6 inches, which, while
not excessive, is greater than the limits proposed by Malhotra and in Quick Monopile
Design. A stiffer pile section will decrease displacement. The displacement at the toe
under all soil profiles is less than one inch, which is the recommended criterion. The
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rotation at pile head is also greater than the recommended limit of 0.5 degrees
[Malhotra, 2009]. For preliminary design, the response of the pile to lateral loads and
moments, as analyzed by an elastic continuum method, exceeds recommended limits.
However, individual turbines have specific deflection and rotation criteria.
5.6.2 The Winkler Method
The Winkler method (US Naval Facilities Engineering Command, 1986), is based on the
theory of a vertical beam on an elastic foundation. It is relatively quick and provides
complete solutions. However, the model uses major approximations of the actual pile
geometry and there is no procedure for estimating the spring stiffness parameter other
than field testing. Figure 5-9 illustrates the fundamental concept of the Winkler model.
Applied Moment. M
Case 1: Case 2:K (O.C Clays) (N.C Clays & Sands)
7-Horizontal Load, H kn kn = nz_
spring
stiffness, k Winkler assumption:
p = kou
u(z) -Horizontal Displacement where p = lateral pressure on pile
9(z) - Rotation k [F/L 2] kod, subgrade reaction modulus
Figure 5-9 Winkler Elastic Spring Model
[Whittle, 2009]
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Since the proposed wind farm is in sandy soils, the subgrade modulus increases linearly
with depth, as is shown in case 2 in Figure 5-9. Based on Winkler's hypothesis, k=nz,
the equation for lateral deflection is:
d4u
El + nzu = 0
dz'
(5.6)
The characteristic length, Lc, is defined by the following equation:
L =4EIJ1
n
(5.7)
Terzaghi (1955) proposed empirical values for the stiffness profile in sand (n), as shown
in Table 5-7. The deformations and rotations at the head of the proposed pile, obtained
from Winkler's model using the Terzaghi stiffness values, are summarized below in
Table 5-8, and detailed calculations can be found in Appendix D.
Relative Density Loose Medium Dense
Dry or Moist (lb/in3 ) 7 21 56
Submerged (lb/in3) 4 14 34
Table 5-7 Terzaghi's Proposed Sand Stiffness Values
[Terzaghi, 1955]
Once the characteristic length and stiffness values have been determined, design
charts, shown below in Figure 5-10, can be used to determine the displacement,
moment distribution, and shear force distribution along the pile
n Lateral Deflection Rotation(lb/in 3) (in) (')
14 11.35 0.991
34 5.15 0.513
Table 5-8 Pile Head Responses based Terzaghi's Proposed Sand Stiffness Values
1 0 1 2 0.2 CQ4 Oil 0S -OA -0.4 0 CK4 05
DEFLECTION COEWIUENT, F8  MOMENT C0FMENT, FM SHE CO01FCENT, Fy
Figure 5-10 Design Charts for the Winkler Model
[US Naval Facilities Engineering Command, 1986]
Terzaghi's values of the "n" parameter are good initial estimates, but are not site-
specific. Therefore, the deformations obtained from the Randolph method were used to
back-figure site-specific Winkler sand stiffness values for the three soil profiles
described earlier. The back-figured stiffness values (n) for the average of each soil
profile (since these methods only consider a single layer) are presented in Table 5-9,
along with the displacements that they produce (which match those produced by
Randolph's method). Detailed calculations can be found in Appendix D.
Randolph WinklerSoil n
Profile Displacement (lb/in 3) Displacement(in) (in)
1 5.72 35 5.68
2 5.25 39 5.31
3 4.92 43 4.88
Table 5-9 Deflections a Pile Head using Site Specific Sand
The deflected pile shape and moment distribution for each soil
Figure 5-11 and Figure 5-12 below.
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Figure 5-12 Computed Moment Distributions for Three Soil Profiles Using the
Winkler Method
The soil stiffness parameter (n) values obtained for use in the Winkler model are close
to what Terzaghi recommended. The deflected pile shape and moment distributions
have the correct shape, when compared to NAVFAC DM7. Similar to the Randolph
method, the pile's response in each of the three soil profiles is close to the specified
deflection limits, however in soil profiles 1 and 2, the deflection exceed 5 inches. This
could be reduced with a thicker wall, a deeper embedment, or a larger pile diameter.
Each turbine manufacturer has specific tolerances for foundation movement under
lateral loading, and therefore the criteria used in this thesis may not apply.
5.6.3 Effects of Non-Linear Pile-Soil Interaction
The p-y curve method is one of the most commonly used methods in practice for
determining the response of pile to lateral loads. In the p-y curve method, the soil near
the pile is replaced with several horizontal springs, to represent non-linear soil-structure
interaction. The springs' resistance, p, is a function of the displacement, y. P-y curves
64
..........
. . .. . .. . .......
are plots of resistance versus displacement. The initial portions are linear, indicating the
elastic range. The final portion of the curve is horizontal, showing failure associated with
plastic flow of soil around the pile. The intermediate portion can be derived in several
ways, and vary by method or program. Example p-y curves can be seen below in Figure
5-13, while the stress distribution on a pile before and after bending can be seen in
Figure 5-14. At small deflections, the p-y curves are directly related to the initial
modulus of the stress-strain curve. As the deflection increases, the load will increase to
a limiting value, which is directly related to the critical plastic failure behavior. A p-y
curve is developed for each spring. From each p-y curve, the initial linear portion can be
used to estimate a modulus of elasticity for the soil. The moduli can be combined to
form a plot of the elastic modulus versus depth.
P
VV
Pt -+M
P
V
Figure 5-13 Models of Laterally a Loaded Pile, Elastic Springs, and p-y Curves
[Reese et al. 2006]
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pFigure 5-14 Stresses against a Pile Before and After Bending
[Reese et al. 2006]
L-pile is a computer program developed by Ensoft (Reese and Wang, 2005) that uses
p-y curves to calculate lateral deflection, rotation, and soil response with respect to
depth in nonlinear soils. Users input soil properties for one or more layers, pile
properties, and load information such as magnitude, type, and location. Additionally, the
user is able to specify whether the pile head is fixed or free.
The program then automatically generates p-y curves. The p-y curves are elastic for the
initial portion, using the Winkler case, where stiffness increases linearly with depth
(E=nz). The intermediate portion of the p-y curves are generated using empirically
derived equations proposed by Ensoft (Reese and Wang, 2005). The equations are
based on published recommendations as well as full-scale experiments of instrumented
piles. The failure portions of p-y curves are generated using Rankine theory, for the
mechanism shown in Figure 5-15. L-pile has created also developed routines to create
p-y curves for layered soils.
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(a) Before bending (b) After bending
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Figure 5-15 Theory used by L-Pile
[Reese and Wang, 2005]
If users know enough about the soil, they are able to manually specify the p-y curves for
each soil type and depth. Figure 5-16 below is a graphical representation of L-Pile's
routine to determine the pile's response to the loading. The response includes
deflection, rotation, moment and shear distribution, and mobilized soil reaction versus
depth.
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Figure 5-16 L-Pile Procedure for the Response of a Laterally Loaded Pile
[Reese et al, 2006]
L-pile has also been used to analyze the monopile foundation for the proposed wind
farm. While the L-Pile manual recommends values for the soil stiffness parameter, n,
the author wished to use values corresponding to the site-specific elastic moduli, and
verify the results of the computer program.
The Randolph and Winkler calculation methods described earlier use a single soil layer
for analysis. L-Pile, however, allows for multiple soil layers. Table 5-10 contains
"calibrated" soil stiffness parameters for each soil layer shown in Figure 5-2. They were
calculated by using single-layer soil profiles and setting the Randolph Displacement
equal to the Winkler displacement and back-calculating the "n" value. The Winkler
results match the L-Pile results, when L-Pile is kept in the elastic range. Therefore, "n"
values are interchangeable for the Winkler and L-Pile models.
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Relative Displacement Corresponding Corresponding
''n Value for DisplacementCD Density, by Randolph Elastic L-Pile for Elastic L-Dr Method Model Pile Model
(') (in) (lb/in3 ) (in)
42 1.000 4.92 43 4.92
39 0.814 5.25 39 5.24
37 0.674 5.72 35 5.62
34 0.462 6.31 29 6.40
Table 5-10 "n" Values for Soil Layers in Multi-Layered Soil Profiles
Using the layer-specific soil stiffness parameters in Table 5-10 above, calculations were
performed in L-Pile for each of the soil profiles in Figure 5-2. Since profiles 1 and 2 are
multi-layered, L-Pile will provide a more accurate result than the single layer
estimations. Additionally, the L-Pile results take into account non-linear plastic behavior
of the soil. While the detailed L-pile output can be found in Appendix E, they results are
summarized below in Table 5-11. Additionally, the deflected shape of the pile in each
profile can be seen in Figure 5-17, and the moment distribution of the pile in each soil
profile can be seen in Figure 5-18. Full results (plots of deflection for elasto-plastic and
elastic soil, p-y curves for every 10 feet of pile depth, moment, and shear) can be found
in Appendix E. For all three soil profiles under elasto-plastic behavior, the only depth
that the pile fails for Load Case 2 is at the mudline. This proves that the lateral capacity
calculations described earlier hold true for elasto-plastic behavior, as well as elastic
behavior, and that the three soil profiles provide sufficient capacity for the given pile and
load conditions.
Purely Elastic Purely Elastic Elasto-Plastic Elasto-Plastic
Soil Deflection at Rotation at Deflection at Rotation at
Profile Pile Head Pile Head Pile Head Pile Head
(in) (') (in) (0)
1 8.30 1.026 8.55 1.105
2 5.80 0.877 6.69 0.968
3 4.91 0.739 5.28 0.768
Table 5-11 Predicted Displacements and Rotations at the Pile Head using the L-
Pile Program
-5 -4 -3 -2 -1
Lateral Deflection vs. Depth
Lateral Deflection (in)
9 106 70 1 2 3 4 5
- - Profile 1 - - -Profile 2 - - Profile 3
Figure 5-17 Pile Deformations for Monopile in Elasto-Plastic Soil Computed by L-
Pile for Three Reference Soil Profiles
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Figure 5-18 Moment Distributions for Monopile in Elasto-Plastic Soil Computed by
L-Pile for Three Reference Soil Profiles
Based on the L-Pile calculations described above, the proposed foundations deflect
from 5.28 to 8.55 inches, and rotate 0.77 to 1.11 degrees, when non-linear soil-structure
interaction is considered. The deflections and rotations are greater than the
recommended limits [Malhotra, 2009; de Vries and van der Tempel, 2007]. To lower the
deflections and rotations at the pile head, the proposed monopile section could either be
stiffened (by enlarging the diameter or wall thickness) or be driven deeper. It can be
seen that the pile tip moves in the negative direction, thus indicating that the pile
embedment is less than the critical length. Therefore, the pile deflects due to translation,
not just bending. If the pile tip is driven to the critical length, then the pile will behave as
a long pile, and the deflections can be controlled.
:::::::- ::::::: ............ .:: -_:. ._:._:_: ..... .. ..........
6. CONCLUSION
6.1 OFFSHORE WIND FARM DEVELOPMENT
As energy demand and prices rise, offshore wind will become a more attractive source
of renewable energy. Currently no offshore wind farms exist in the United States,
although the first recently received governmental approved. There are currently no
specific design codes for American offshore wind farms, and initial projects will have
follow codes such as DNV-OS-J 101 (2004).
When designing the foundations for offshore wind turbines, several alternatives exist.
Whatever the chosen foundation type, it is critical that the foundation's performance
meet the criteria specified by the turbine manufacturer. Deflection and rotation at the
pile head are magnified at the rotors, and therefore, become the governing criteria
controlling the foundation design. Subsurface investigations are crucial in determining
how the soil will interact with the foundation. Therefore, detailed and site-specific
investigations should be performed.
6.2 REVIEW OF PROPOSED OFFSHORE WIND TURBINE FOUNDATION DESIGN
A sample offshore wind turbine monopile foundation has been analyzed for vertical and
horizontal capacity under a worst-case storm load. Both lateral and vertical capacities
provided by the monopile foundation, at all three soil profiles, are adequate.
A monopile foundation (with an 18 foot diameter and 85 foot embedment depth) was
analyzed by three different methods to determine its performance (deflection and
rotation) under worst-case storm condition loading, considering thee soil profiles typical
of conditions in Nantucket Sound. Using both elastic and elasto-plastic theory, the
foundation was found to deflect and rotate more than the acceptable limits for turbine
design.
Smaller deflections and rotations could be achieved by making several changes to the
monopiles. First, the section stiffness could be increased. This can be accomplished by
enlarging either the diameter or wall thickness, by using a high-strength steel, or by
adding internal or external stiffeners. All three options will increase cost, as material
quantities will increase. Increasing the pile size and the addition of stiffeners will
increase the difficultly of installation. Material costs are higher for high-strength steel,
and attention should be given to long-term performance. Corrosion will occur, and the
same amount of corrosion on high-strength steel versus regular-strength steel can
result in a larger capacity loss.
Another way to decrease deflection and rotation is to increase the pile embedment. As
can be seen in all three sets of performance calculations, the critical or active length is
greater than the actual length of the proposed monopile foundation. This causes the pile
tip to move, which induces additional deformation. By driving the pile tip to a depth
equal to or greater than the critical length, the pile will behave as a long pile and
deflections will be lessened. Deeper embedments will increase costs, as there is more
total pile length to drive, and drivability will most likely become more difficult at greater
depths.
A concern with such large piles is the pile installation. The equipment for driving such
large piles is not common, and therefore availability and capacity should be checked. All
installation will have to be performed from barges, which will further increase costs. Any
unforeseen field conditions that lead to design changes could have costly effects.
Additionally, the comparison of the L-Pile program to theories for elastic deflection and
rotation proves useful. When piles behave in purely elastic ways, quick estimations may
be sufficient. However, under the large lateral loads applied to turbines, the foundation
performance can be critical in design. The analyses outlined in Section 5 suggest that
even in quite competent cohesionless soil conditions (as expected in Nantucket Sound),
pile head deformations and rotations are expected to exceed turbine rotor design limits
in storm conditions. These preliminary results on foundation performance deserve
further investigation, and will depend on site-specific loads, foundation and soil
properties, and specific allowable limits for turbine performance.
References
Broms, B. B. "Lateral Resistance of Piles in Cohesionless Soils." Journal of Soil
Mechanics, 90 (1964): pp. 123-156.
Bundesamt Fur Seeschifffahrt Und Hydrographie (BSH). Standard: Ground
Investigations for Offshore Wind Farms. First Update. Hamburg, Germany: 2008.
Byrne, B. W., and G. T. Houlsby. "Foundations for Offshore Wind Turbines."
Mathematics, Physics, and Engineering 1813 (2003): pp. 2909-3030.
Cape Wind Associates. Cape Wind::America's First Offshore Wind Farm in Nantucket
Sound. <www.capewind.org>. Accessed 01 May, 2010.
de Vries, W.E., and J. van der Tempel. Quick Monopile Design. Proceedings of 2007
European Offshore Wind Conference and Exhibition, Berlin, Germany.
December, 2007.
Det Norske Veritas. DNV-OS-JIOI: Design of Offshore Wind Turbine Structures. June,
2004.
Fleming, W. K., Weltman, A. J., Randolph, M. F., and Elson, W. K. Piling Engineering.
New York: Wiley, 1985.
Growth of Wind Turbine Size. Intelligent Energy - Europe. <http://www.wind-energy-the-
facts.org/en/part-i-technology/chapter-3-wind-turbine-technology/evolution-of-
commercial-wind-turbine-technology/growth-of-wind-turbine-size.html>.
Accessed 10 April 2010.
Ladd, C. C. 1.361 Advanced Soil Mechanics Course Notes. Massachusetts Institute of
Technology. Fall, 2009
MacKay, D. J., Sustainable Energy - Without the hot air. Cambridge, England: UIT,
2009.
Malhotra, S. "Design & Construction Considerations for Offshore Wind Turbine
Foundations in North America." Civil Engineering Practice 24.1 (2009): pp. 7-42.
Meyerhof, G. G. "Bearing Capacity and Settlement of Pile Foundations." JGED, ASCE
Vol. 102, GT3, (1976): pp. 195-228.
Musial, W., and S. Butterfield. Energy from Offshore Wind. Proceedings of Offshore
Technology Conference, Houston, TX. Golden, CO: National Renewable Energy
Laboratory, 2006. NREL/CP-500-39450.
Musial, W., and S. Butterfield. Future for Offshore Wind Energy in the United States.
Proceedings of Energy Ocean, Palm Beach, FL. Golden, CO: National
Renewable Energy Laboratory, 2004. NREL/CP-500-36313.
Poulos, H. G., and Davis, E. H. Pile Foundation Analysis and Design. New York: Wiley,
1980.
Randolph, M. F. "The Response of Flexible Piles to Lateral Loading." Geotechnique Vol.
31, No. 2 (1981): pp. 247-259.
Reese, L., and S. Wang. L-Pile 5.0 User Manual. Austin, TX: Ensoft, 2005.
Reese, L. C., W. M. Isenhower, and S. T. Wang. Analysis and Design of Shallow and
Deep Foundations. Hoboken, NJ: John Wiley & Sons, 2006.
Rogers, A.L., J.F. Manwell, and J.G. McGowan. "A Year 2000 Summary of Offshore
Wind Development in the United States." Energy Conversion and Management
44 (2002): pp. 215-29.
Skempton, A.W. "Standard Penetration Test Procedures and the Effects in Sands of
Overburden Pressure, Relative Density, Particle Size, Ageing and
Overconsolidation. Geotechnique Vol. 36, No. 3 (1986): pp. 425-447.
Terzaghi, K. "Evaluation of Coefficient of Subgrade Reaction." Geotechnique, Vol. 5,
No. 4, (1955): pp. 297-326.
Thresher, R., M. Robinson, and P. Veers. The Future of Wind Energy Technology in the
United States. Proceedings of World Renewable Energy Congress, Glasgow,
Scotland, UK. Golden, CO: National Renewable Energy Laboratory, 2008.
NREL/CP-500-43412.
Uchupi, E., and A. E. Mulligan. "Late Pleistocene Stratigraphy of Upper Cape Cod and
Nantucket Sound, Massachusetts." Marine Geology 227 (2006): pp. 93-118.
US Department of Energy. 20% Wind Energy by 2030 Increasing Wind Energy's
Contribution to U.S. Electricity Supply. Rep. no. DOE/GO-102008-2567. US
Department of Energy, 2008.
US Department of the Interior- Minerals Management Service. Cape Wind Energy
Project, Draft Environmental Impact Statement, January 2008.
U.S. Energy Information Administration. International Energy Outlook 2009. US Energy
Information Administration, 27 May 2009.
<http://www.eia.doe.gov/oiaf/ieo/world.html>. Accessed 01 April 2010.
US Naval Facilities Engineering Command. Design Manual 7.02 Foundations and Earth
Structures. September 1986.
US Offshore Wind Collaborative. U.S. Offshore Wind Energy: A Path Forward. 2009.
Vesic. A. S. Design of Pile Foundations. National Cooperative Highway Research
Program Synthetics of Practice, no. 42, Transportation Research Board,
Washington DC, 1977.
von Soos, P. "Properties of Soils and Rocks and Their Laboratory Determination."
Geotechnical Engineering Handbook, Volume 1: Fundamentals. Ernst & Sohn,
Berlin, 2002.
Westgate, Z. J., and J. T. DeJong. Geotechnical Considerations for Offshore Wind
Turbines. 01 August 2005.
Whittle, A. J. 1.364 Advanced Geotechnical Engineering Course Notes. Massachusetts
Institute of Technology. Fall, 2009.
Appendix A- Soil Information
Soil Profile Locations
[From Google Maps]
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Raw Data and Interpretation
Depth (ft) Stratum a. (psf) N CH N, CA. (N,)s. D, (%)
1.5 Fine to Medium Sand 96 22 1.91 42.0 0.85 32.1 0.764
8.5 Fine to Medium Sand 544 107 1.57 168.2 0.95 143.8 1.617
14 Organic Silt and Fine Sand 896 12 1,38 16.6 0.95 14.2 0.508
19 Organic Silt and Fine Sand 1216 7 1.24 8.7 1 7.8 0.377
25.5 Organic Silt and Fine Sand 1632 14 1-10 15.4 1 13.9 0.502
28.5 Fine to Medium Sand 1824 107 1.05 111.9 1 100.7 1.353
34 Fine to Medium Sand 2176 58 0.96 55.6 1 50.0 0.953
39 Fine to Medium Sand 2496 68 0.89 60.5 1 54.4 0.995
44 Fine to Medium Sand 2816 37 083 307 1 27.7 0.709
47 Hard Clay 3008 31 0.80 24.8 1 22.3 0.637
54 Fine Sand 3456 38 0.73 27-9 1 25.1 0.675
59 Fine Sand 3776 74 069 512 1 46.1 0.916
63 Silty Fine Sand 4032 105 0.66 69.6 1 62.7 1 067
68 Silty Fine Sand 4352 217 0.63 136.6 1 123.0 1.495
73 Silty Fine Sand 4672 184 0.60 110.3 1 99.3 1.344
Dr calculated by Skemoton equation; based on (NA.
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Depth (ft) Stratum '. (psf) N CN N1  CL (N1) D, (%)
3 Fine Sand 192 20 1.82 36.5 0.85 27.9 0.712
7.5 Fine to Medium Sand 480 66 1.61 106.5 0.95 91.0 1.286
12 Fine to Medium Sand 768 170 1.45 245.7 0.95 210.0 1.954
17 Fine to Medium Sand 1088 62 1.30 80.3 1 72.3 1.146
22 Fine to Medium Sand 1408 94 1.17 110.3 1 99.3 1.344
27 Fine Sand and Silt 1728 73 1.07 78.3 1 70.5 1.132
32 Fine Sand 2048 140 0.99 138.3 1 124.5 1.505
42 Fine Sand 2688 88 0.85 75.1 1 67.6 1.108
52 Silt 3328 75 0.75 56.3 1 50.7 0.960
62 Fine Sand, Silt, and Clay 3968 56 0.67 37.5 1 33.8 0.784
72 Very Stiff to Hard Clay 4608 40 0.61 24.2 1 21.8 0.629
82-5 Clayey Fine Sand 5280 68 0.55 374 1 33.6 0.782
97.5 Clayey Fine Sand 6240 105 0.49 51.0 1 45.9 0.913
Dr calculated by Skempton equation, based on (N1)eO
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Hard Clay
Clayey Fine Sand
0
10
20
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..................................................
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Depth (ft) Stratum a. (psf) N CNi N, Cm (N,) D, (%)
2 Fine to Coarse Sand 128 22 1.88 41.4 0.85 31.6 0.758
9 Fine to Medium Sand 576 82 1 55 127,3 0.95 108.9 1407
13 Fine to Medium Sand 832 77 1.41 108.8 0.95 93.0 1.300
18 Fine to Medium Sand 1152 115 1.27 145.9 1 131.3 1.545
23 Fine to Medium Sand 1472 55 1.15 634 1 57.0 1.018
28 Fine to Medium Sand 1792 184 1,05 194,1 1 1747 1782
33 Silty Fine Sand 2112 93 097 90.5 1 81.4 1,217
39 Silty Fine to Medium Sand 2496 40 0.89 35.6 1 32.0 0.763
44 Silty Fine to Medium Sand 2816 99 0.83 82.2 1 74.0 1.160
48 Silty Fine to Medium Sand 3072 98 0,79 773 1 696 1 125
53 Silty Fine Sand 3392 113 0.74 83.8 1 75.4 1.171
58 Silty Fine Sand 3712 127 0.70 88.9 1 80.0 1.206
63 Fine to Coarse Sand and Gravel 4032 72 066 477 1 43.0 0.884
68 Fine to Coarse Sand and Gravel 4352 111 063 699 1 62.9 1.069
73 Silt 4672 160 0.60 95.9 1 86.3 1.253
78 Silt 4992 215 0.57 123.0 1 110.7 1.419
82 Stratefied Sand 5248 200 055 1104 1 993 1.344
83 Hard Clay 5312 52 0.55 284 1 25.6 0.682
88 Fine to Coarse Sand 5632 156 0.52 81.8 1 73.6 1.157
93 Fine to Coarse Sand 5952 160 050 | 805 1 724 1148
98 Medium to Coarse Sand 6272 164 048 79.3 1 71 4 1 139
Dr calculated by Skempton equation, based on (N,)80
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Summary of Soil Data and Interpretation
Design Profiles- Reladve Density
Relativ Density(%/)
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Design Profiles- Friction Angles
Friction Angle, <p(Degees)
0 5 10 15 20 25 30 35 40 45
0-
10I
2D -
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100-
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- - - 1 O.A. 1111.00
Design Profiles for E-Moduli
Boring Layer YEFF (pcf) Dr (%) _ (deg) Depth (ft) a,' (MPa) r,' (psf) E,,f (MPa) E,,, (psi) E(MPa) E'(psi)
64 Top 0 0 0 0 0
64 0.462 34 Middle 1275 0-039 816 35 5076 20 2888
64 Bottom 25 5 0 078 1632 30 4378
64 Top 25-5 0 078 1632 43 6254
SB-01 2 64 1,00 42 Middle 3475 0106 2224 50 7252 52 7530
64 Bottom 44 0,135 2816 60 &676
64 Top 44 0 135 2816 48 6941
3 64 0674 37 Middle 5915 0.181 3786 40 5802 57 8289
64 Bottom 74,3 0228 4755 66 9505
64 Top 0 0 0 0 0
1 64 1.00 42 Middle 26 0 080 1664 50 7252 44 6328
SB-02 64 Bottom 52 0.159 3328 66 959164 Top 52 0159 3328 60 8632
2 64 0-814 39 Middle 75.25 0,231 4816 45 6527 74 10774
64 Bottom 98-5 0302 6304 87 12663
64 Top 0 0 0 0 0
SB-03 1 64 1 00 42 Middle 49 25 0 151 3152 50 7252 64 9283
64 Bottom 985 0302 6304 97 14071
E-Modulus vs. Depth
E-Modulus (psi)
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Appendix B- Capacity Calculations
PILE, LOAD, AND SOIL PROPERTIES- SOIL PROFILE I
Pile Properties
Material
Concrete's Compressive Strength (Ignore if Steel Pile)
Total Length, L
Outer Diameter, d
Wall Thickness, t
Inner Diameter, di
Cross-Sectional Area, As
Moment of Inertia, I
Section Modulus, S
Yield Stress of Pile, Fy
Yield Moment of Pile, My
Young's Modulus of Pile, E,
Pile Installation Method
Load Properties
Distance from Ground Applied, e
Typical Horizontal Load, HApp
Typical Vertical Load, VApp
Typical Applied Moment, MAPP
Soil Properties
Unit Weight (Total), yT
Poisson's Ratio, v
Friction Angle, (I)
Unit Weight (Buoyant), y'
Soil Elastic Modulus at Surface, ESURF
Soil Elastic Modulus at Middle of Pile, Eo
Soil Elastic Modulus at Pile Tip, ETIP
Soil Shear Modulus at Surface, GsuRF
Soil Shear Modulus at Middle of Pile, Gu1o
Soil Shear Modulus at Pile Tip, GTIp
Steel
= 85-00 ft
=18.00 ft
=0.17 ft
= 7 A7 at
1020-00 in
216.00 in
2 00 in
0 in
2,405,250 lb
1,538,000 lb
3.77 lb-in x 10E9
128 pcf
0.2
.............    -
. ...................................................... ..........      
LATERAL AND VERTICAL CAPACITY OF PILE- SOIL PROFILE 1
Lateral Capacity Check
Pile Type
Average Friction Angle, (1)
Coefficient of Passive Earth Pressure, K,
For Short Piles: Embedment Ratio, L/d
For Long Piles" Pile-Soil Yield Ratio, M/K, 2Y*d4
Ratio to use with graph:e / d
Normalized Lateral Load from Graph, H/LK,2*y*d
Horizontal Load Capacity, HuLT
Factor of Safety Required
Short
18,120,6 lb = 18,121 kips
2
Actual Factor of Safety
Vertical Cavacitv Check
Tip Resistance (based on the Meyerhoff Method, 1976):
Friction Angle of Bearing Layer, ( 37 deg
Bearing Capacity Factor, Nq 190
Atmospheric Pressue, p. 200
Limiting Point Resistance, qj 1417
Point Resistance at Pie Tip, qt 1033600
Design Point Resistance at Pile Tip, qb 143175
Cross-Sectional Area, As 93's
Tip Resistance Load, Qb 1,336,90'
Side Friction (based on Vesic's Method, 1977):
Layer 1
Length
Relative Density
Shaft Resistance, f,1
Shaft Resistance, Q,1
Layer 2
Length
Relative Density
Shaft Resistance, fs2
Shaft Resistance, Qj2
Layer 3
Length
Relative Density
Shaft Resistance, f%
Shaft Resistance, Q,0
Total Shaft Resistance, Qsj
Vertical Load Capacity, VLT, = Qb+ Qg
Factor of Safety Required
26.5 ft
0.462
300 psf
43269T7lb =
18.5 ft
1.000
4000 psf
4184601 lb =
41.0 ft
0.674
660 psf
7,484,306 b 7,484 kips
2
oCheck: Is V1 , > (FS * Vap)?
Actual Factor of Safety
L=
j~heck: Is HuLT > (F-:: * Happy Yesggg 111ig
7.63
Yes I
4.00
=1,337 kips
433 kips
4,16 kips
PILE, LOAD, AND SOIL PROPERTIES- SOIL PROFILE 2
Pile Properties
Material
Concrete's Compressive Strength (Ignore if Steel Pile)
Total Length, L
Outer Diameter, d
Wall Thickness, t
Inner Diameter, di
Cross-Sectional Area, As
Moment of Inertia, I
Section Modulus, S
Yield Stress of Pile, Fy
Yield Moment of Pile, My
Young's Modulus of Pile, E,
Pile Installation Method
Load Properties
Distance from Ground Applied, e
Typical Horizontal Load, HAPP
Typical Vertical Load, VApp
Typical Applied Moment, MAPP
Soil Properties
Unit Weight (Total), Yr
Poisson's Ratio, v
Friction Angle, 4)
Unit Weight (Buoyant), y'
Soil Elastic Modulus at Surface, EsuR
Soil Elastic Modulus at Middle of Pile, EMID
Soil Elastic Modulus at Pile Tip, ErIp
Soil Shear Modulus at Surface, GSURF
Soil Shear Modulus at Middle of Pile, GMID
Soil Shear Modulus at Pile Tip, Grip
Steel
= 85.00 ft
=18.00 ft
=0.17 ft
=17 A7 ft
1020.00 in
216.00 in
2.00 in
0 in
2,405,250 lb
1,538,000 lb
3.77 lb-in x 10E9
128 pcf
n 9
........... .
LATERAL AND VERTICAL CAPACITY OF PILE- SOIL PROFILE 2
Lateral Capacity Check
Pile Type
Average Friction Angle, '1
Coefficient of Passive Earth Pressure, K,
For Short Piles: Embedment Ratio, Ud
For Long Piles" Pile-Soil Yield Ratio, M/[, 2*y*d]
Ratio to use with graph:e / d
Normalized Lateral Load from Graph, H/[K, 2*ykdsJ
Horizontal Load Capacity, Hu&
Factor of Safety Required
Short
40 dec
23,682,555 lb = 23,683 Ips
2
ICheck: Is Hur > (FS * Hp)?
Actual Factor of Safety 9.85
Vertical Capacity Check
Tip Resistance (based on the Meyerhoff Method, 1976):
Friction Angle of Bearing Layer, 1 39 deg
Bearing Capacity Factor, N. 250
Atmospheric Pressue, p.
Limiting Point Resistance, q6
Point Resistance at Pile Tip, qt
Design Point Resistance at Pile Tip, q02
Cross-Sectional Area, As
Tip Resistance Load, Qb 1803,
Side Friction (based on Vesic's Method, 197):
Layer I
Length
Relative Density
Shaft Resistance, fs1
Shaft Resistance, Qf1
Layer 2
Length
Relative Density
Shaft Resistance, f%2
Shaft Resistance, Qr
Layer 3
Length
Relative Density
Shaft Resistance, f3
Shaft Resistance, Qr
Total Shaft Resistance, Qsf
Vertical Load Capacity, VLLT =Qb + Qg
Factor of Safety Required
52.0 ft
1.000
4000 psf
11762123 b = 11,762 kips
33.0 ft
0.814
1200 psf
2239327 b = 2,239 kips
0.0 ft
0
0 Dsf
15,891.792 lb = 15,892 kips
2
ICheck: Is VULT > (FS * VApp)?
Actual Factor of Safety
........ ::::::  .................. .
. .. .. ...................
Yies I
Yes
PILE, LOAD, AND SOIL PROPERTIES- SOIL PROFILE 3
Pile Properties
Material
Concrete's Compressive Strength (Ignore if Steel Pile)
Total Length, L
Outer Diameter, d
Wall Thickness, t
Inner Diameter, di
Cross-Sectional Area, As
Moment of Inertia, I
Section Modulus, S
Yield Stress of Pile, Fy
Yield Moment of Pile, My
Young's Modulus of Pile, E,
Pile Installation Method
Load Properties
Distance from Ground Applied, e
Typical Horizontal Load, HApp
Typical Vertical Load, VApp
Typical Applied Moment, MAPP
Soil Properties
Unit Weight (Total), yT
Poisson's Ratio, v
Friction Angle, (
Unit Weight (Buoyant), y'
Soil Elastic Modulus at Surface, ESURF
Soil Elastic Modulus at Middle of Pile, E?.qo
Soil Elastic Modulus at Pile Tip, En,
Soil Shear Modulus at Surface, GSURF
Soil Shear Modulus at Middle of Pile, GMIo
Soil Shear Modulus at Pile Tip, GTI,
Steel
= 85.00 ft
=18.00 ft
= 0.7 ft
10G20.00 in
216.00 in
2.00 in
0 in
2,405,250 lb
1,538,000 lb
3.77 lb-in x 10E9
128 pcf
0.2
LATERAL AND VERTICAL CAPACITY OF PILE- SOIL PROFILE 3
Lateral Capacity Check
Pile Type
Average Friction Angle, 0
Coefficient of Passive Earth Pressure, K,
For Short Piles: Embedment Ratio, Lid
For Long Piles" Pile-Soil Yield Ratio, M/[K,2*y'd4j
Ratio to use with graph:e I d
Normalized Lateral Load from Graph, H/[K, 2.y*da
Horizontal Load Capacity, HILT
Factor of Safety Required
Short
33,245,59 b = 33,246 kips
2
ICheck: Is H mT> (FS * HApp)?
Actual Factor of Safety
Vertical Capacity Check
lip Resistance (based on the Meyerhoff Method, 1976):
Friction Angle of Bearing Layer, 0 42 deg
Bearing Capacity Factor, Nq 400
Atmospheric Pressue, p. 200D
Limiting Point Resistance, c 36012
Point Resistance at Pile Tip, qt 2176000
Design Point Resistance at Pile Tip, q3
Cross-Sectional Area, As
Tip Resistance Load, Qb 3,363,0:
Side FrIction (based on Vesic's Method, 1977):
Layer I
Length
Relative Density
Shaft Resistance, f,
Shaft Resistance, Qdf
Layer 2
Length
Relative Density
Shaft Resistance, fL
Shaft Resistance, Q2
Layer 3
Length
Relative Density
Shaft Resistance, fas
Shaft Resistance, Qr
Total Shaft Resistance, Qt
Vertical Load Capacity, VLT = Qb + Qf
Factor of Safety Required
85.0 ft
1.000
4000 psf
19226547 Ib = 19,227 Ips
0.0 ft
0
0 psf
0 lb =
0.0 ft
0
0 isf
ICheck: Is VILT > (FS * VAp)?
Actual Factor of Safety
92
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- WWM06WMWM 11
Ye yl I
S13.82
0 kips
12.50
T es- i
= 3,363 kips
22,589,560 lb = 22,590 kips
Appendix C- Randolph Displacement and Rotation Calculations
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SOIL PROFILE I
Data Used in Randolph Displacement and Rotation Calculations
Depth (m)
Soil Parameters vs.
2000 4000
(psi)
6000
--- E - - - G -A-G*
94
E (MPa)
Depth
8000 10000 12000
\
- -
CL
100
.
... ..........
DIPLACEMENT AND ROTATION CALCULATIONS VIA RANDOLPH METHOD- SOIL PROFILE I
Displacement and Rotation at Pile Head Check
Effective Youngs Modulus of Pile, EpEFF 2,161,252 psi
Active Pile Length (Lc): Initial Guess 50.0 ft
Corresponding Shear Modulus at Center (Gc) 1 1362 psi
Recomputed Lc 2 1,47.8, ft
Corresponding Gc 2 4026ps
Recomputed Lc 3 154f
Corresponding Gc 3
Recomputed Lc 4 '118.5 ft
Corresponding Gc 4 3227 psi
Recomputed Lc 5 115. ft
Corresponding Gc 5 31,47 psi
Recomputed Lc 6 140.4 ft
Corresponding Gc 6 31.70vpsi,
Recomputed Lc 3 116.1oft
Corresponding Gc 3 E1 psto
Recomputed Le 4 116.2 ft
Corresponding Gc 4 '3165 i
Recomputed Lc 5 12ft
Corresponding Gc 5 314 si
Recomputed Lc 6 "116.2 ft
Corresponding Gc 6 3lt5.psi
Recomputed Lc 7 162ft
Corresponding Gc 7 3-15ps
Active Pile Length, Lc, From Iteration 11.ftTeesolmac
Active Pile Length, Le, From Equation 116.2 ftl
Equivalent Shear Modulus At Surface, G* 0 psi
Equivalent Shear Modulus at Le/4, G*o.2s 1582Psi Assumes linear E, G profiles
Equivalent Shear Modulus at Lc/2, Gc = G*0.5  3165 psi
Modulus Profile Parameter, Rc 0.5
Displacement at Pile Head From Equation, uo 5.24 in
Is L 2 Lc? (Is it Long Pile?) No
Adjusted Displacement at Pile Head for Short Pile, uo 5.72in
Total Displacement at Pile Head, uo = 2.6% of outer diameter
Rotation at Pile Head, eo 0.01 "a I0716 dog
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Deflected Pile Shape and Moment in Pile from Randolph Method Calculations- Soil Profile 1
H M_ _
Depth M MN (lb-in x MA (lb-in x MTOT (lb-in
z/Lc P (urOGf/H)* MH / (uur 2G^/M) M j / in) um in) uo in) )
(t) E,/GI)" (HL) *(Ep/G)an My, 0) 10) x1m
0.0 0 0.54 0.000 0.600 1.000 1.50 3.74 5.72 0.00 3.77 3.77
0.1 12 0.41 0.100 0.400 0.980 1.14 2.49 3.97 0.03 3.70 3.72
0.2 23 0.31 0.150 0.250 0.900 0.86 1.56 2.64 0.04 3.39 3.44
0.3 35 0.23 0.190 0.125 0.750 0.62 0.78 1.53 0.05 2.83 2.88
0.4 46 0.16 0.190 0.050 0.600 0.44 0.31 0.83 0.05 2.26 2.32
0.5 58 0.10 0.160 0.000 0.450 0.28 0.00 0.30 0.04 1.70 1.74
0.6 70 0.04 0.125 -0.025 0.300 0.11 -0.16 -0.05 0.03 1.13 1.17
0.7 81 0.02 0.100 -0.030 0.200 0.06 -0.19 -0.14 0.03 0.75 0.78
0.73 85 0.01 0.086 -0.030 0.160 0.03 -0.19 0.17 0.02 0.60 0.63
0.8 93 0.00 0.060 -0.025 0-100 000 -0.16 -0 ,7 0.02 38 0.39
09 105 0C00 0035 -015 0.050 0-00 0.09 010 0.01 - 3 0. 0
1.0 116 00r 0C000 0000 0.000 000 000 0-00 0D.00 CO3 0 00
Deflection vs. Depth- Soil Profile 1
Deflection (in)
-1 0 1 2 3 4 5 6
0
20 - - -- -
40
f60
80
100'
80
120
Note: Based on Rc=0.5 for Free Head Pile
Moment vs. Depth- Soil Profile 1
Moment (in-lb x 10')
0.00
0--
20-
40 --
1.00 2.00 3.00 4.00
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SOIL PROFILE 2
Data Used in Randolph Displacement and Rotation Calculations
Description
Mudline
Used to get E curve
Gc = G*0o1
Pile Tip
Depth (m) I I I GIh GG * lE (MPa) Depth E (psi)  G*
0 0 0 0 0
AMi inn 19gAnn AqinA41
Soil Parameters vs. Depth
0 2000
C.
00l
100
4000
(psi)
6000 8000 10000 12000 14000
---- E - M- G -- A--G*
I
DIPLACEMENT AND ROTATION CALCULATIONS VIA RANDOLPH METHOD- SOIL PROFILE 2
Displacement and Rotation at Pile Head Check
Effective Youngs Modulus of Pile, EpEFF 2,161,252 psi
Active Pile Length (Lc): Initial Guess 50.0 ft
Corresponding Shear Modulus at Center (Gc) 1 13psi
Recomputed Lc 2 1-42.9 ft
Corresponding Gc 2 4382 psiRecomputed Lc 3arm.9r t
Corresponding Gc 3 324 psi
Recomputed Lc 4 153f
Corresponding Gc 4 . 3537 psi
Recomputed Lc 5 125ft
Corresponding Gc 5 Pi5e?)
Recomputed Lc 6 1a P3 ft
Corresponding Gc 6 3475 psi
Recomputed Lc 3 113.1 ft
Corresponding Gc 3 348Psi
Recomputed Lc 4 152f
Corresponding Gc 4 340psi
Recomputed Lc 5 431f
Corresponding Gc 5 37 s
Recomputed Lc 6 "113.2 ft
Corresponding Gc 6 340psi
Recomputed Lc 7 da2f
Corresponding Gc 7 37 s
Active Pile Length, Lc, From Iteration 113.2 ft These should match
Active Pile Length, Lc, From Equation 1'13.2 ftl
Equivalent Shear Modulus At Surface, G* 0 psi
Equivalent Shear Modulus at Le/4, G*0.25 1735 psi Assumes linear E, G profiles
Equivalent Shear Modulus at Le/2, Ge = G*o 5 3470 psi
Modulus Profile Parameter, Re 0.5
Displacement at Pile Head From Equation, uo 4.93 in
Is L 2 Lc7 (Is it Long Pile?) No,
Adjusted Displacement at Pile Head for Short Pile, uo 5.251in
ITotal Displacement at Pile Head, uo ,2 = 2.4% of outer diameterRotation at Pile He d, 0o dog
--- - ------------ ..........
Deflected Pile Shape and Moment in Pile from Randolph Method Calculations
DeM MH (lb-in x MM (lb-in x M-ry (lb-in
z/Lc (uWOG./H)* MH I (U,,2 GdM) MM/ UH (in) UM (in) uTOT (in) 109) 10) x la9)
(E,/G)" (HL,) *(Ep/Go)&7 Mv,1 00
0.0 0 0.54 0.000 0.600 1.000 1.38 3.55 5.25 0.00 3.77 3.77
0.1 11 0.41 0.100 0.400 0.980 1.05 2.36 3.64 0.03 3.70 3.72
0.2 23 0.31 0.150 0.250 0.900 0.79 1.48 2.42 0.04 3.39 3.44
0.3 34 0.23 0.190 0.125 0.750 0.58 0.74 1.40 0.05 2.83 2.88
0.4 45 0.16 0.190 0.050 0.600 0.41 0.30 0.75 0.05 2.26 2.31
0.5 57 0.10 0.160 0.000 0.450 0.26 0.00 0.27 0.04 1.70 1.74
0.6 68 0.04 0.125 -0.025 0.300 0.10 -0.15 -0.05 0.03 1.13 1.17
0.7 79 0.02 0.100 -0.030 0.200 0.05 -0.18 -0.13 0.03 0.75 0.78
0.75 85 0.01 0.086 -0.030 0.160 0.03 -0.18 -0.16 0.02 0.60 0.63
0.8 91 0 0  00 60 -0.025 0 100 0C00 -0 15 -C- 16 0. 0 38 0.39
0 9 102 0-00 0.035 -0.015 0.050 0 00 -0-09 -0-09 0.01 0 19 0.20
10 113 00 0000 0C 00  000 0. 0 0.00 0.00 0 00 0.00
Deflection vs. Depth- Soil Profile 2
Deflection (in)
-1 0 1 2 3 4 5 6
Moment vs. Depth- Soil Profile 2
Moment On-lb x 109)
0.00 1.00 2.00 3.00 4.00
0 - - -
20-
40
Note: Based on Rc=0.5 for Free Head Pile
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SOIL PROFILE 3
Data Used in Randolph Displacement and Rotation Calculations
Description Depth (m) E (MPa) Depth E (psi) G*
Mudline .1 0 0 "'
Used to get E curve 100 14000 0
Gc =G*o. 3
Pile Tip g! 71 1: 27_- 7:611M4A50
Soil Parameters vs. Depth
(psi)
0 2000 4000 6000 8000 10000 12000 14000 16000
0.a.
100 -L 1 , X_ I_ _ I _ I _ I
-- *-E - 0 - G -A-G*
100
.. ... .................... 
DIPLACEMENT AND ROTATION CALCULATIONS VIA RANDOLPH METHOD- SOIL PROFILE 3
Displacement and Rotation at Pile Head Check
Effective Youngs Modulus of Pile, EpEFF 2,161,252 psi
Active Pile Length (Lc): Initial Guess 50.0 ft
Corresponding Shear Modulus at Center (Gc) 1 1.677 psi
Recomputed Lc 2 139.3 f t
Corresponding Gc 2 4672 psi
Recomputed Lc 3 :103.9 ft
Corresponding Gc 3 3 n
Recomputed Lc 4 113.0tfT
Corresponding Gc 4 37Etpsio
Recomputed Lc 5 11ll0.3 ft
Coresponding Gc 5 3701 psi
Recomputed Lc 611.1ft
Corresponding Gc 6 3726 psi
Recomputed Lc 3Pile?)
Corresponding Gc 3 3719fpsi
Recomputed Lc 4 Pl H09 ft
Corresponding Gc 4 37212
Recomputed Lc 5 109ft
Corresponding Gc 5 '372 psi
Recomputed Lc 6 109f
Corresponding Gc 6 32 s
Recomputed Lc 7 109f
Corresponding Gc 7 32 s
Active Pile Length, L,,, From Iteration 11f These should match
Active Pile Length, Lc, From Equation 11 0.9 fti
Equivalent Shear Modulus At Surface, G* 0 psi
Equivalent Shear Modulus at Lc/4, G*0.5 1860, psi' Assumes linear E, G profiles
Equivalent Shear Modulus at LJ/2, Gc = G*0. $1320 psi
Modulus Profile Parameter, Rc 0.5
Displacement at Pile Head From Equation, uo 4.71 in
Is L > Lc? (is it Long Pile?) No
Adjusted Displacement at Pile Head for Short Pile, uo 4.92 in
ITotal Displacement at Pile Head, uo 4.921in 2.3% of outer diameterRotatio~n at Pile Head, eo W.1 re a M,7 dog
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Deflected Pile Shape and Moment in Pile from Randolph Method Calculations
H M
z/Lc Depth (uroG/H)* MH / (uHG M) MM/ uH(in) um(in) uT (in) Mf (lb-in x M6 (lb-in x MTOT (lb-in(ft) (EWG)" (HL) *(Ep/Gc)3a M, 10_) 10e) x 10e)
0.0 0 0.54 0.000 0.600 1.000 1.30 3.41 4.92 0.00 3.77 3.77
0.1 11 0.41 0.100 0.400 0.980 0.99 2.27 3.40 0.03 3.70 3.72
0.2 22 0.31 0.150 0.250 0.900 0.75 1.42 2.26 0.04 3.39 3.43
0.3 33 0.23 0.190 0.125 0.750 0.54 0.71 1.31 0.05 2.83 2.88
0.4 44 0.16 0.190 0.050 0.600 0.39 0.28 0.70 0.05 2.26 2.31
0.5 55 0.10 0.160 0.000 0.450 0.24 0.00 0.25 0.04 1.70 1.74
0.6 67 0.04 0.125 -0.025 0.300 0.10 -0.14 -0.05 0.03 1.13 1.16
0.7 78 0.02 0.100 -0.030 0.200 0.05 -0.17 -0.13 0.03 0.75 0.78
0.77 85 0.01 0.086 -0.030 0.160 0.02 -0.17 -0.15 0.02 0.60 0.63
08 89 000 0060 -0.02E 0100 000 -014 -015 002 0.38 039
0.9 100 0.00 0.035 -0.015 0.050 0 00 -0.09 -0 09 0 01 0. 19 0 20
1,0 111 0.00 0 000 0.000 0.000 0.0000 0 00 0 Do 0.00 0.00 0.00
Deflection vs. Depth- Soil Profile 3
Denction (in)
-1 0 1 2 3 4 5 6
Note: Based on Rc=0.5 for Free Head Pile
Moment vs. Depth- Soil Profile 3
0.00
0-
40-
Moment (in-lb x 10w)
1.00 2.00 3.00
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4.00
Appendix D- Winkler Displacement and Rotation Calculations
103
The following three pages are hand calculations by the Winkler Method using Terzaghi's
recommended "n" values of 14 and 34 (medium and dense sands)
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104
1/ v, ~
I '/~'
2 Z r ;
D Te
L C
ZJ
$U~Lx- 24
-- f 4-
~kJC~
(~4
to 7. 7T 7ki} 1~
- 29+ ) 3
rad vs. 0.0120 rad Randolph weak
-- - vs. 0.0088 rad Randolph strong
Itt
105
i~44~4ijj
j
6p 4rm ju 6-P e 6 q
xfji&9~ck ~ ~ 'i~
y /
7;7~
I2~ ~
-4
4
~Th
3.L
fiYi\j
:I 
I)t4 ,
Go 0 =.0089 rad
106
The following are printouts from an excel sheet used to create deflected pile shape and
moment distribution plots via the Winkler Method, using the table in NAVFAC DM-7.
DIPLACEMENT AND ROTATION CALCULATIONS VIA WINKLER METHOD- SOIL PROFILE 1
Winkler Parameters
Soil Stiffness, n
Characteristic Length, L,
L / L/
Limiting Conditions
(4L / L,)4
T = L. / 4
L / T
DIPLACEMENT AND ROTATION CALCULATIONS VIA WINKLER METHOD- SOIL PROFILE 2
Winkler Parameters
Soil Stiffness, n 39 Ib/in^3
Characteristic Length, Lc 143411n = 119.5 ft
L / Le
Limiting Conditions No Limiting Conditons
(4L / L) 65.5
T = L, /4 29.87 ft
L / T 2.85
DIPLACEMENT AND ROTATION CALCULATIONS VIA WINKLER METHOD-SOIL PROFILE 3
Winkler Parameters
Soil Stiffness, n
Characteristic Length, L,
L / Lc
Limiting Conditions
(4L / L)
T = LC / 4
L / T
43 lb/in^A3
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.. .... .
35 lb/in^A3
60.1
70.9
Deflected Pile Shape and Moment in Pile from Randoiph Method Calculations- Soil Profile 1
H _M
T = MN (lb-in x Mj (lb-in x MTOT (lb-in
L Depth (ft) UH* EpIP/ M/(HT) umEpIp/ M /M uH(fl) uu(In) uTy(in) 10M ) 10w) x 10)
___ 
(T / 3) (MT2) M
0 0 2.75 0.00 1.95 1.00 1.41 4.27 5.68 0.00 3.77 3.77
0.5 15 2.00 0.43 1.03 0.98 1.02 2.25 3.27 1.50 3.68 5.18
1.0 31 1.13 0.58 0.40 0.83 0.58 0.88 1.45 2.03 3.13 5.16
1.5 46 0.33 0.52 -0.13 0.56 0.17 -0.27 -0.11 1.82 2.11 3.93
2.0 61 -0.20 0.30 -0.38 0.30 -0.10 -0.82 -0.92 1.04 1.13 2.17
2.5 76 -0.53 0.06 -0.50 0.09 -0.27 -1.10 -1.36 0.19 0.34 0.53
2.8 85 -0.75 0.00 -0.50 0.00 -0.38 -1.10 -1.48 0.00 0.00 0.00
Il
Deflection vs. Depth- Soil Profile 1
Deflection (in)
-2 -1 0 1 2 3 4 5 6 7 0.00
0+-
Moment vs. Depth- Soil Profile I
Moment (in-lb x 109)
1.00 2.00 3.00 4.00 5.00 6.00
Note: Based on NAVFAC DM7.2 with Free Head Pile and L/T = 2.8
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Deflected Pile Shape and Moment in Pile from Randolph Method Calculations- Soil Profile 2
H M
T = MH (lb-in x MM (lb-in x MTOT (lb-in
L4Dth (ft) uH I MH/ (HT) IM / M u (in) um (n) uOT (in) 10g) 10w) x 10g)
0 0 2.75 0.00 1.90 1.00 1.32 3.99 5.31 0.00 3.77 3.77
0.5 15 2.00 0.43 1.00 096 0.96 2.10 3.06 1.47 3.63 5.10
1.0 30 1.13 0.58 0.40 0.79 0.54 0.84 1-38 1.98 2.98 4.96
1.5 45 0.33 0.52 -0.13 0.48 0.16 -0.26 -0.11 1.78 1.81 3.59
2.0 60 -0.20 0.30 -0.38 0.20 -0.10 -0.79 -0.88 1.02 0.75 1.77
2.5 75 -0.53 0.06 -0.50 0.05 -0.25 -1.05 -1.30 0.19 0.17 0.36
2.85 85 -0.75 0.00 -0.50 0.00 -0.36 -1.05 -1.41 0.00 0.00 0.00
Note: Based on NAVFAC DM7.2 with Free Head Pile and L/T = 2.85
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Deflected Pile Shape and Moment In Pile from Randolph Method Calculations- Soil Profile 3
T = MH (lb-in x My (lb-in x MTOT (lb-tn
L,/4 Depth (ft) UH* Ep/ MH/ (HT) um*Epip/ MM/M UH (in) um (in) u.o (in) 101) 10w) x 101)
(HT') (MT 2)
0 0 2.75 0.00 1.80 1.00 1.24 3.63 4.88 0.00 3.77 3.77
0.5 15 1.75 045 1.00 0.95 0,79 2.02 2.81 1.52 3.58 5.11
1 2 1.00 0.65 0.47 0.80 0.45 0.95 1.40 2.20 3.02 5.22
1.5 44 0.30 0.60 0.00 0.50 0-14 0.00 0-14 2.03 1.89 3.92
2.0 59 -0.05 0.35 -0.25 0.20 -0.02 -0.50 -0.53 1.18 0.75 1.94
2.5 73 -0.45 0.07 -0.45 0.03 -0.20 -0.91 -1.11 0.24 0.11 0.35
2.9 85 -0.50 0.00 -0.60 0.00 -0.23 -1.21 -1.44 0.00 0.00 0.00
Deflection vs. Depth
Deflection (in)
-2 -1 0 1 2 3 4 5 a 0.00
0+-
Moment vs. Depth
Moment (in-lb x 10')
1.00 2.00 3.00 4.00
Note: Based on NAVFAC DM7.2 with Free Head Pile and LIT = 2.9
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Appendix E- L-Pile Displacement and Rotation Calculations
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PROFILE 1
112
Lateral Delotion (in)
- -1 0 1 2 3 4 6 6 7 6
Profile 1- (a) Elasto-Plastic Deflection (b) Elastic Deflection
113
y (in)
0 50 100 10 200 20 300 260 400 40 600 650 00 660
y (in)
Profile 1- (c) Elasto-Plastic p-y Curves (d) Elastic p-y Curves
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k vYe@Vth 0
Dph240
4 Depth 360
SDepth 0
oDepth 720
aDepth IC20
[III Bill fill.L lilt .LLLL LLL L± LJ. LLL L L. L.j12
700
............ :::::::-- ::::::::::::::::::.:..:.::.: ... ..
Bonding Moennt On-mps)
Shner Force (Ips)
-ONO0 -am0 -7 00 00 - 9 00 -sm 00 -3000 -2=0 -1000 0 1000 am am&I
Profile 1- (e) Elasto-Plastic Moment (f) Elasto-Plastic Shear
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PROFILE 2
116
Lateral Elsction On)
Or 1 115 2
Lateral Dlflhction On)
-0/
Profile 2- (a) Elasto-Plastic Deflection (b) Elastic Deflection
117
anDsh240
*Desth60
&Deph 720
All Desth 720
0~~~~- Det 28 6 7 8 0 1
10 020 2 0 5 4 a 7 0 60 00 60 74
y (i)
Profile ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ v 2-pt (c0lsoPatcpyCrvs()EatcpyCre
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BEnding Morrent (Irdhlps)
Shear Form (hip.)
-8000 -7000 -4000 -000 -4000 -8000 -2000 -1(00 0 1000 2000
Profile 2- (e) Elasto-Plastic Moment (f) Elasto-Plastic Shear
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PROFILE 3
120
Lateral eflection On)
Lateral Defiction on)
Profile 3- (a) Elasto-Plastic Deflection (b) Elastic Deflection
121
Desth 120
&40-a0
4,Desth 30
bDesth,40
0 1 2 3 4 6 7 9 9 10 11
V'Desth 0
&Onesh20
aDepth 60
0 50 100 15O 200 260 3 60 40 460 60 6% 600 650 7 0
y (an)
Profile 3- (c) Elasto-Plastic p-y Curves (d) Elastic p-y Curves
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.............. ................... .  .... :11,11" , ..........
Banding Monnt (Iricps)
Shear Force (Mps)
Profile 3- (e) Elasto-Plastic Moment (f) Elasto-Plastic Shear
123
1 '7 C,c-2400
.4Mo 0 103 000 2M to
